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   Due to an attention to sustainability, a great challenge for this century lies in a 
regeneration and purification waste products for a purpose of industrial, domestic and 
agricultural activities. For example, biomass reuse is on key technology in the 
sustainability world. In addition, cleaning-up toxicity and pollution in water needs new 
technology. Among various contaminants, which are found in water, heavy metals 
require special attention for removal, because of their toxic effect on human, even 
though environment has very dilute concentrations [1]. Therefore, people pay attention 
for development of specific technologies in separation, extraction and purification by 
using advanced materials. In addition, in recent year, sustainability sence requires reuses 
of natural compounds obtained from the waste product to regenerate valuable on 
ingredients of drugs, pharmaceutical and functional foods, which can offer additional 
environmental and economic incentives for several industries. Thus, for their 
technologies, advanced materials have been applied as unit operation of adsorption [2], 






ion-exchange materials [6]. Although these methods enable application in separation, 
more demands on specific molecules and ions to be separated and purified are increased. 
As highly advanced materials, such tailor made fashion to specific target in the 
separation processes becomes progress in technological study.  
   On the other hand, adsorption is one of the promising alternatives for 
environmental control [7] and is proved to be economical and efficient over other 
technologies, especially for removing pollutants from dilute solutions. The effect and 
utility of adsorbents greatly depend upon the affinity to target like specific heavy metal 
ion or useful molecules for pharmaceutical and food fields. The production of adsorbent 
materials for improving environmental quality can take two approaches. One strategy is 
to establish the material as catalyst for decomposing polluting products. Meanwhile, the 
second and more desirable strategy is to tailor the material as an effective adsorbent and 
separator for polluted environments.  
   On the basis of their actual events, the present focuses on the second approach 
in researches, which can prepare smart or stimuli-responsive adsorbents to specially 
targeted species as shown in Figure 1.1. Smart adsorbents are designed materials that 
have one or more properties that can be significantly changed in a controlled fashion by 






conditions in the surroundings. Thus, smart adsorbents offers a number of advantages 
over traditional adsorbents. One of the main benefits is its ability to fully encapsulate 
recovered molecules or metal ions, resulting in a substantially more effective solution. 
Furthermore, smart adsorbents can be operated under aqueous conditions, providing a 
novel and cost effective way to isolate smartly valuable molecules or metal ions from 
waste product.  
   Generally, adsorption capability of adsorbents is explained by their physical 
and chemical properties. The physical properties of adsorbents are dependent upon 
several factors like material morphology with dense or porous properties of the 
materials in addition with their chemical characters. The former factors are influenced 
with surface area, the amount of porosity and the size of the pores. In the chemical 
properties such ionic change and chelation are effective for the adsorption. However, the 
excellent adsorption behavior in their researches is mainly attributed to recognition of 
the target with affinity process between sorbent and the matrix. In this case, both the 
physical and chemical properties are important in adsorption field and will provide 








Figure 1.1 Designs of smart adsorbents made by core-shell imprinting polymer 
technique 
 
   In general, adsorption process is based on the sorption of a solid phase 
(sorbent) and a liquid phase (solvent, normally water) containing a dissolved species as 
shown in Figure 1.2. Due to the higher ‘affinity’ of the sorbent for the sorbate species, 
this process takes place until equilibrium is established between the amount of 
solid-bound sorbate species and its portion remaining in solution. The degree of the 
sorbent affinity for the sorbate determines its distribution between the solid and liquid 
phases, depending upon affinity strength of the sorbents. On the nature of the surface 
forces of the sorbent for the target sorbate, there are two broad classes of adsorption: 
physical adsorption and chemisorptions. Physical adsorption is caused mainly by Van 
der Waals forces and electrostatic forces between adsorbate molecules and the surface 






involves the formation of a chemical bonding or ionic in addition to Van der Waals and 
dispersion forces in physical adsorption. Operationally, physical sorption is determined 
by an extent of solute removal from solution. But, this case occurs without selectivity. 
On the other hand, chemisorptions involve the force of attraction existing between 
adsorbate and adsorbent by the formation of a chemical bond with the surface. More 
stringent requirements for the compatibility of sorbent and matrix surface are appear in 
rather than physical adsorption through chemical binding forces like dipole-dipole, 
electrostatic and hydrophobic forces. Therefore, the adsorption could not be easily 
reversed.  
 
Figure 1.2 Illustration of adsorption process 
 
   A suitable adsorbent matrix for adsorption processes should meet several 
requirements, if following can apply for pollutants; (i) efficiently for the removal of a 






important selectivity at different concentrations, (iv) able to be regenerated if required; 
(v) for tolerant of a wide range of wastewater parameters, and (vi) for low-cost. Here, 
the most common low-cost adsorbents in wastewater treatment are natural adsorbents 
such as agricultural wastes (maize cob and husk [9], ground pine cone [10]), charcoal 
[11], fly ash [12], zeolite [13, 14], and granular activated carbon [15]. These materials 
are versatile and allow the adsorbents to be used under different forms. However, 
introduction of the smart functionality to natural materials is needed by synthetic route. 
Also, regeneration of the adsorbents is important factor. But, there are some limitations 
in adsorption by natural adsorbent especially in low concentrations of sorbate [16]. Now, 
it is found that combination of natural and synthetic adsorbents is investigated by 
several researchers [17].  
   For introduction of the smart functionality, recently, synthetic adsorbents are 
useful in the specific adsorption and elimination of target molecules or ionic species. 
The introduction of recognition in the adsorbent matrix can be made by tailor-made 
technique. Such tailor-made recognition technique is an alternative approach to the 








1.1    Tailor-made recognition technique 
 The tailor-made recognition technique is one of the effective methods in 
generating specific recognition sites of molecule targets with high affinity and 
selectivity. This advanced technology has attracted much attention in the field of 
chemistry, physics and biology on 21
st 
century. Therefore, this technology requires 
neither a precise molecular design nor multi-step procedures for the preparation of 
advanced materials. In addition, people can be envisaged as the preferential binding of 
a molecule to a ‘receptor’ with high selectivity over closely related structural analogues. 
This concept has been translated elegantly into the technology of molecular imprinting 
and ionic imprinting, which allows construction of specific recognition sites. In order to 
be formed in synthetic polymers through the use of various templates, many scientists 
working in the areas of separation and purification have created synthetic polymers that 
can specifically recognize the templates. As mentioned in next, challenging is 
introduced for this technique in potentially and extremely rewarding work.  
 
1.1.1 Molecular imprinting polymers as advanced smart adsorbents 
  Molecular imprinting technology is versatile in the method creating specific 






behavior. The history of molecular imprinting polymers is traced back to the work by 
Polyakov on imprinted silica gel in the early 1930 [18]. In the 1950s a very similar 
methodology was used in the experiments of Dickey [19], who was inspired to create 
affinity for dye molecules in silica gel [20]. Imprinting in organic polymers first was 
appeared in the 1970s when covalent imprinting in vinyl polymers was reported [21]. 
After the research was found, molecular imprinting technology became to be 
extensively exploited. Until now, many kinds of molecules have been successfully 
imprinted and applied as several advanced materials like affinity chromatography 
supports, solid phase extraction membranes, biomimetic sensors, environmental 
monitoring and drug delivery [22-26].  
  Generally, the principle of molecular imprinting polymers (MIPs) relies on the 
formation of a host-guest complex with matrix and a template molecule (Figure 1.3). 
The template molecule is firstly allowed to form interactions or covalently bonding with 
one or several types of functional elements in a pre-arrangement step. Then, subsequent 
locking-in of these covalent or non-covalent bonding leads to form a matrix shape, 
which accommodates recognition sites showing a selectivity for the template. After the 
addition of a cross-linking agent and subsequent polymerization for insolubilisation of 






template molecule. Then, the template molecules can be extracted from the polymer 
matrix, leaving cavities with suitable size, shape, and functional group orientation that 
are complementary to the target molecule. By using this technique, it is easy to 
construct tailor-made binding sites which can be simply mimicked by synthetic steps in 
simple and effective way. It is known that the resulting molecularly imprinted materials 
are often characterized by having very high chemical and physical stability relative to 
biological hosts like enzyme.  
 It is well known that there are two main methods to form MIPs, one relying on 
reversible covalent bonds introduced by Wulff [27], and the other involving 
non-covalent interactions proposed by Mosbach [28]. Covalent imprinting is performed 
by the use of templates, which can be covalently bound to polymerizable groups. In the 
imprinting approach, typically the templates such as sugar or acid amino derivatives are 
bound to appropriate monomers, such as vinylphenylboronate, 4-vinylbenzylamine and 
4-vinylphenylboronic acid, by covalent imprinting methods [29]. After polymerization, 
the covalent linkage is cleaved and the template is removed from the polymer matrix. 
The selectivity is greatly influenced by the kind of crosslinking agent used in the 
synthesis of the imprinted polymer. In addition, the careful choice of functional 






template and polymer matrix. Considering the interaction with functional monomers as 
shown in Figure 1.4, there are a number of different strategies for creating molecular 
imprinted polymers targeting molecules by non-covalent imprinting. Functional groups 
of monomers forming strong template interactions with the target molecules are 
commonly used, including electrostatic and metal-chelating groups [30, 31]. 
 
 
Figure 1.3 The principle of molecular imprinting inspired by Fischer’s lock-and-key 
metaphor. 
 
 In addition with molecule imprinting, metal ions have been imprinted, since 






heavy metal ion. This is because that industry also requires vast quantities of metals and 
generates metal wastes day by day. Ultimately, technology must reach a point where all 
metal containing waste streams are treated as recoverable metal resources. Recently, 
there has been increased interest in the production of selectively metal-ion imprinting in 
polymers as analytical reagents to realize this goal. Therefore, as shown in Figure 1.4, 
the conception of ion-imprinted polymers (IIPs) is introduced by using polymerizable 
monomers. The first report of using the ion template in the synthesis chelating polymers 
was back in 1976 [32, 33]. The pioneer work was used with crosslinked linear chain 
polymer, poly(4-vinylpyridine), with a bifunctional reagent dibromobutane in the 
presence of metal ions. The preparation of IIPs generally requires a ligand to form a 
complex with the metal ion to produce selective binding sites after metal leaching. The 
selectivity of an ion-imprinted polymeric adsorbent is based on the specificity of the 
ligand concerning with the coordination geometry and its number, showing positively or 








Figure 1.4 Schematic representation of an ion imprinting polymer synthesis 
 
 The advantages of IIPs are their specificities with the conventional chelating 
polymers. The increased specificity and selectivity are originated from the matrix 
characteristic in extent of cross-linking, and the hydrophilic/hydrophobic balance of the 
polymer matrix, the attached ligand function and the stability constant of the resulting 
polymer-metal complex. A particularly promising application of IIP is carried out by 
the solid phase extractive pre-concentration to analytes, which are present in low 
concentration or by separation from other coexisting ions. Metal ions also can serve as 
templates for forming cross-linked polymers via imprinting. Hence, IIPs are actively 
researched for their catalytic applications, stationary phases in chromatographic and 
flow injection columns, solid phase extraction (SPE) [34], membrane separation [35] 







  On the other hand, a more generally applicable approach seems to design 
molecular imprinted polymers utilizing the shape complementarily along with 
multi-point weak interactions such as hydrophobic and hydrogen bonding for providing 
molecularly selective binding sites. In the groups of Mosbach and Sellergen, they 
initiated investigations also with the non-covalent imprinting method [37, 38]. Today, 
the non-covalent approach is widely used as advantageous strategy for because of easier 
production, faster rebinding of the template, and greater variety of available functional 
monomers. The non-covalent imprinting approach seems to hold more potential for the 
future of molecular imprinting due to its simplicity. As shown in Figure 1.5, during the 
non-covalent approach, the special binding sites are formed by the self-assembly 
between template and monomer and then followed by a cross-linked co-polymerization 
[39] in order to fix the ordered assembly condition in the polymer. Ansell et al. [40] 
systematic studied the imprinting of N-isopropylacrylamide (NIPAM) with bisphenol A 
(BPA). Here, it was interestingly noted that mostly a non-covalent monomer-template 
complex was formed through hydrogen bonding. However, the limitation of this 
approach is that the template and target must form a sufficient number of non-covalent 
intermolecular interactions such as hydrogen bonds, ion pair interactions, hydrophobic 






polymerization. Namely, molding the template shape becomes to be more attractive to 
imprint the target in addition with chemical interaction.  
 
 









1.1.2 New strategy of MIPs for smart adsorbents 
   On the basis of their imprints of several hundred template species, which have 
been accomplished, there is still possibility on another approach consisted in prior 
isolation of the complex between functionalized ligand and the selected ion. Figure 1.6 
shows approach of new strategy for ion imprinting. There are two approaches to the 
creation of an ion selective imprinted polymer, based on metal ion coordination. One 
approach relies on the imprinting process to provide the geometric arrangement which is 
needed for complexation of a specific ion. In this approach, the ligand monomers are 
little more than vinyl-substituted ligating atoms or functional groups attached to a 
supra-molecular polymeric support. The second approach is to use a macrocyclic ligand 
that already has geometric constraints predisposed to a certain metal ion or coordination 
geometry [41]. As seen in Figure 1.6, there are two variations of the imprinting process; 
(a) polymerization of the metal ion and funtionalized ligand without complexation and 
(b) complexation of the metal ion to a polymerizable ligand. In the first variation (a), a 
linear copolymer is produced as allowed to complex metal ions in macrocyclic cavity 
like calix[4]resorcinarene. Then, the resultant is cross-linked to obtain rigidity and site 
preservation. Meanwhile, the second variation (b) is to form metal ion complexes with 






and a non-complexing matrix monomer. In the first case, Che Ku et al. [42] attempted to 
firstly apply the calix[4]resorcinarene as an alternative molecular imprinting host sites 
targeted for α-tocopherol. As shown in Figure 1.7, the calix[4]resorcinarene had 
scaffolding sites for imprinting α-tocopherol molecules by supra-molecule through 
multiple non-covalent interactions. Then, the host-guest complex through 
supra-molecular bond was fixed in a scaffold polymer membrane of polysulfone by 
using phase inversion imprinting technique as shown in the illustration.  
 
 
Figure 1.6 Elaboration of IIPs by the chemical immobilization approach (a) without 
isolating the complex between the functionalized ligand and the template ion, (b) with 


























































































   Therefore, the present thesis has an idea to focus ion imprinted polymer for 
heavy metal ion target by calix[4]resorcinarene host having complexing sites which 
present host-guest behavior. The utilization of calix[4]resorcinarene as complexing 
monomer have not yet been reported for use in imprinting technique. Therefore, 
challenges strongly remain in the study of ion imprinted calix[4]resorcinarene. It has 
been known that calix[4]resorcinarenes posses the molecular architecture appropriate 
for the inclusion of many kinds of ions within the hydrophobic cavity. Thus, 
diallylaminomethyl-calix[4]resorcinarene (Figure 1.8) is designed as a complexing 
monomer in this work. It would be expected that this monomer can have both 
functionalities for covalent imprinting and non-covalent imprinting with host-guest 
cavity to the target ion. Such dual functional groups of complexing monomer would 
create better interactions to increase the selective recognition properties of 
















Figure 1.8 Diallylaminomethyl-calix[4]resorcinarene 
 
   Generally, calix[4]resorcinarenes can easily be obtained by condensation of 
resorcinol with various aliphatic or aromatic aldehydes, which occurs on heating the 
reactants to reflux in a mixture of ethanol and concentrated acid (Scheme 1). Therefore, 
as well as Figure 1.6, calix[4]resorcinarenes provide very versatile molecular platform. 
The importance and applications of these macrocyclic compounds in fields such as 
electrochemical sensors, optical sensors, chiral recognition devices and stationary 
phases in high-performance liquid chromatography have been the subject of study 
several authors [43-45]. The cone shape of the calix[4]resorcinarene has a hydrophobic 
cavity with electron-rich aromatic walls which makes them particularly suitable for the 
investigation of interactions with metal ions in solution. Calix[4]resorcinarene contains 































host-guest complexes with metal ions. So, such hosts have been well studied due to 
their peculiar molecular recognition ability.  
 
 
    
 
 
Scheme 1 Synthesis of host 
 
   It is obvious that the advantages of calix[4]resorcinarene molecules can be 
tailored by molecular or ion imprinted technique in order to recognize various types of 
analytes. According to the properties of the calix[4]resorcinarene, the interaction can 
occur either at a rim or within the annular region. Thus, hydroxyl groups at the rim are 
able to form π-electrons region which can interact with certain metal ions by coordinate 
bonding. Therefore, in this study, the core-shell imprinting technique was used for 























1.1.2.1 Core-shell imprinting technique 
 In order to sufficiently appear the host-guest nature by the imprint polymers, 
the embedded larger should be located on polymer surface. On this concept, there is 
method for using core-shell imprinting. Generally, the molecular imprinting polymer 
beads with a core-shell structure. The imprinted layer making out the particle shells 
exhibits the best performance in separation applications at the polymer matrix surface. 
Thus, the resulting particles are small but regular and mechanically stable due to the 
presence of the core. Here, the imprinted cavities are located exclusively in the outer 
shell of the polymer particle where their accessibility possess is easily rather than core 
portion. The core-shell particles can be prepared in a solution containing the monomers 
making out the MIP as well as the template, subsequent polymerization leading as in the 
case of porous silica beads to the formation of a MIP layer around the beads. The first 
examples of molecularly imprinted core-shell particles prepared by emulsion 
polymerization were reported by the group of Whitcombe [46-48]. They employed as 
seeds organic polymer latexes prepared by emulsion polymerization in water, as well as 
in aqueous ferrofluid (Fe3O4 nanoparticles dispersed in water) [49]. After addition of 
surfactant and of a monomer mixture containing as template a cholesterol molecule 






polymerized resulting in the formation of imprinted core-shell particles. Removal of the 
cholesterol template by carbonate ester hydrolysis left behind a phenol group in the 
imprinted cavities able to engage in hydrogen bonds with the hydroxyl group of the 
template, which imparted to the cavities the capacity to rebind cholesterol selectively.  
 Core-shell imprinted particles from two-step precipitation polymerization 
procedure were also prepared by Li and Stover in 2000 [50]. As depicted schematically 
in Figure 1.9, this synthetic procedure involves two steps. First, polymer microspheres 
for the purpose of core particles were obtained by precipitation polymerization of 
cross-linker. Thereafter, the core particles were used as seed particles in the synthesis of 
molecularly imprinted core-shell particles with well-developed pore structures. 
Meanwhile, Son et. al. [51] prepared successfully new core-shell MIP spheres for 
bisphenol A template using a continuous two step modified precipitation polymerization 
method combined with ‘post-addition of functional monomer’. Then, these spheres 









Figure 1.9 Schematic representation of the preparation of MIP microspheres with 
core-shell morphology prepared by precipitation polymerization in a two-step procedure 
 
 By following Dr. Son’s work, recently, most of these core-shell imprinted 
materials were used to extract heavy metal ions because of their significant threat to the 
ecosystem. Considering those drawbacks of imprinted particles, the approach could 
provide better idea in this study for construction of efficient the imprinted sites in the 
shell layer. Thus, for the imprinting calix[4]resorcinarene approach, the layer can be 
introduced in the outer shell layer, which ensures that the binding sites are only situated 
close to the surface of the particles allowing for rapid diffusion of adsorbents from 






ion-imprinted polymers have a great advantage especially in the purification compounds 
or wastewater treatment point of view. In addition, the approach to be fine powder 
matrix also provided us new stratergies for preparation of hybrid imprinting method 
using MIP core-shell microspheres. The utilization of MIP core-shell microspheres 
embedded for hybrid scaffold matrix showing porous membrane becomes to be mostly 
limited in practical use. Thus, a better designation of MIP materials was developed 
through embedding MIP core-shell microspheres to the hybrid membrane matrix. It was 
known that the matrix might cause to support the imprinting action with a high 
adsorption/affinity. The demonstration would be explained in next chapter for practical 
uses of imprinting polymer powders. 
 
1.1.2.2 Hollow fiber imprinting used as scaffolding on imprinting functionality 
Recently, fundamental investigation towards this alternative imprinting, with 
the preparation of MIP membranes, for example, hybrid scaffold imprinting has been 
done by Kobayashi and coworkers [52, 53]. The membranes are prepared using the 
dry-wet phase inversion by immersion MIPs core-shell microspheres in the dope 
solution. Then, the dope solution which containing MIP core-shell microspheres are 






technique, the desired substrates for separation or concentration would be captured 
selectively in the solution by the aid of the embedded MIP polymer powders, core-shell 
microspheres when the solution could be permeated through the membrane layer 
including MIPs.  
The advantage of microspheres loaded membrane adsorbers, as studied by 
Takeda et. al. [54], showed a combination of imprinting technique and membrane 
scaffolding to develop a novel imprinted membranes was useful techniques especially in 
separation applications. They reported that highly selective recognition for bisphenol 
derivatives by using hybridized poly(sulfone) membranes. Furthermore, Che Ku et. al. 
[R] have published reports on tocopherol adsorption by membrane adsorbent prepared 
by hybrid molecular imprinting. These studies mainly demonstrated that the 
tocopherol-imprinted sites were responsible for the selective binding of the target 
molecules by hybrid-MIP membranes. Meanwhile, Son et. al. [52] prepared micro 
core-shell MIP spheres for bisphenol A and embedded in poly(ethersulfone) scaffold 
during the dry-wet spinning for preparation of hollow fiber hybrid imprinted 
membranes. In this work, asymmetric porous membranes having hollow fiber structure 
were obtained. The capacity and selectivity increased with higher content of imprinted 






membranes from a compatible blend of a matrix polymer has ever currently being 
explored. It is most remarkable that all of MIPs prepared via alternative imprinting 
shows better binding performance in aqueous media. The work reveals that hollow fiber 
membranes embedded MIP core-shell microspheres for alternative targeting analytes are 
applicable for several fields. On the other hand, the advantage of hollow fiber 
membrane preparation technology to provide well-defined pore structures is not yet 
fully exploited for the preparation of self-supported imprinted hollow fiber membranes. 
  
1.2 Outline of the thesis 
     Development of molecular and ionic imprinted polymer technique with 
separation of organic or inorganic compounds in general prior to analysis is described as 
smart materials to be fascinating fields in this thesis. All consideration of the techniques 
is taken for enhancing the efficiency by the advanced materials which include the 
imprinting technique with high selectivity against the targeted template. In this thesis, 
two of new approaches including semi-covalent and covalent fashions are applied for 
preparation of imprinting polymers. Then, the approach is described in the introduction 
of intermolecular interactions like hydrogen bonds and ionic interactions between the 






was introduced to gain strong interaction with metal ions for the imprinting process.  
  This thesis is constructed in six chapters. Chapter 1 deals with the introduction 
of the work related with smart adsorbents. In addition, emphasis is given to the 
imprinting technique and their applications in the synthetic polymers.  
  Chapter 2 describes effects of vanillin-imprinted polymers showing hydrogen 
bonding coordinated in covalent-imprinting in core–shell particles, including new 
methodology for molecularly imprinted polymers for vanillin targets. This research 
presents evidence for covalent-imprinting polymers having hydrogen-bonding 
coordination that is achieved using vanillin methacrylate (VMA) and methacrylic acid 
(MAA) for divinylbenzene (DVB) suspension polymerization. In addition, the 
investigation of the delayed monomer addition in the preparation of vanillin-imprinted 
monomer is described for development of imprinted microspheres loading efficient 
separation.  
  Chapter 3 focuses on vanillin-imprinted polymer particles embedded in hollow 
fiber membranes. Using hybrid scaffold imprinting for vanillin-imprinted 
poly(ethersulfone) is mentioned in hollow fiber membranes prepared with dry-wet 
spinning method. These researches evidences indicate the importance of alternative 






  Chapter 4 deals with the study of the designing of novel adsorbents using 
calix[4]resorcinarene host. In this chapter, the fundamental properties of 
calix[4]resorcinarenes were described in the view points of synthesis and their selective 
extraction of heavy metal ion.  
  Chapter 5 describes the investigation of new approach of covalent by hosting 
imprinting using supra-molecular host characteristics of new calix[4]resorcinarenes 
monomer for imprinting processes. The hosting of Pb (II), Cu (II), and Ni (II) ions for 
the ternary aqueous mixture is investigated as smart adsorbents in the resulting 
polymers.  
   Then, Chapter 6 is the summary of the dissertation. 
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Molecularly imprinted core-shell microspheres having 
coordinated hydrogen bonding in covalent-imprinting for 
efficient recognition towards vanillin 
 
Abstract: Vanillin-imprinted microspheres of terpolymerized methacrylic acid 
(MAA)-co-vanillin methacrylate (VMA) on polydivinylbenzene spheres were prepared 
by step-wise precipitation polymerization with delayed monomer addition. This report 
explains the effects of vanillin-imprinted polymers showing hydrogen bonding 
coordinated in covalent-imprinting in core–shell particles. As new molecularly 
imprinted polymers (MIPs) for vanillin targets, this chapter presents evidence for 
covalent-imprinting polymers having hydrogen-bonding coordination that is achieved 
using vanillin methacrylate (VMA) and methacrylic acid (MAA) for divinylbenzene 
(DVB) suspension polymerization at different delayed time, 0, 2.5, 3 and 6 hours. The 
spherical sizes of terpolymers were evaluated by determining with laser diffraction and 
obtained to be approximately 1.2 μm in the diameter. Then, the resultant 
vanillin-imprinted polymer containing VMA, MAA, and DVB segments were used for 
the separation experiments of vanillin mixture solution containing vanillin, 
p-hydroxybenzaldehyde and syringaldehyde. The results showed that the aid of 
hydrogen-bonded coordination of MAA in the covalent method with VMA imprinted 
the vanillin target. The influence of MAA in the imprinted polymer is shown by the 
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separation performance having a high binding capacity and good selectivity, when both 
VMA and MAA segments were present in the polymer particles.  
 
2.1 Introduction 
Vanillin, known as 4-hydroxy-3-methoxybenzaldehyde is one of the major 
compounds that contribute to the distinct flavor and aroma of vanilla [1, 2]. As shown in 
Figure 2.1, vanillin is a unique and highly prized flavor compound used as an ingredient 
in food flavors, in pharmaceuticals and fragrance in perfumes and odor-masking 
products [3, 4]. The natural source of vanillin is from the seeds of the vanilla plant, 
Vanilla planifolia, a member of the orchid family as shown in Figure 2.2. The vanilla 
plant originates in subtropical forests in Mexico and part of Central America. The 
Spaniards brought vanilla to Western Europe in the early 16th century. Once it was 
discovered that vanilla orchids could be fertilized manually, production of vanilla 
spread well beyond Central America. It has been grown in places as diverse as the 


















Figure 2.2 Vanilla planifolia 
 
However, genuine vanilla extracted from pods is up to 200 times more 
expensive than synthetic vanillin. Fortunately, early in the twentieth century, chemists 
discovered that lignin can be a source of vanillin. Therefore, considerable attention has 
been devoted to the improvement of vanillin separation processes from waste lignin [5]. 
Lignin is an important constituent of plant materials. It is an amorphous polyphenolic 
materials are linked with the hemicelluloses polysaccharides inside the cell wall of 
plants as shown in Figure 2.3 [6]. Due to the high macromolecular complexity of lignin, 
its need to be degraded via oxidation process to obtain the vanillin compound. This 
method was chosen as a standard method for lignin degradation because vanillin was 
produced as a major compound [7]. Although the vanillin obtained from the oxidation 
process contained high level of impurities [8], the purification of vanillin via oxidation 
processes was conducted in terms of a crystallization process [8]. Nevertheless, the 
crystallization process has still not yet purified the vanillin successfully, meaning that 
alternative technologies for vanillin are needed as new separation methods. 
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Figure 2.3 The lignin in vascular plant  
 
As a new separation technology, molecular imprinting has become widely 
developed with several polymers. Molecular imprinting is an attractive technology used 
to mimic molecule recognition, since resulting materials exhibit high affinity and 
selectivity toward a target molecule. It offers numerous benefits in artificial functional 
sorbents. Consequently, the utilization of molecular imprinting polymers (MIPs) has 
been widely exploited in diverse fields such as catalysis [9], chemical analysis [10], 
chromatography [11], capillary electrophoresis [12], hollow fiber separation [13], 
membrane separation [14], sensor technology [15], solid-phase extraction [16], and 
organic environment [17]. This exploitation for diverse applications results from the 
advantages of excellent selectivity and highly efficient adsorptivity to the target 
molecules and ions, which enable easy design in a tailor-made fashion. Therefore, we 
introduced the preparation of core–shell MIP particles to encode vanillin in the present 
work.  
For imprinting vanillin, Wang et al. studied vanillin-imprinted polymers in a 
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non-covalent approach using a bulk technique with preparation in different porogen 
solvents [18]. They compared MIP performances as stationary phases for HPLC 
columns. Results showed that the porogen exhibited a certain influence on adsorption 
performance of the polymer and that the cooperative hydrogen-bonding interaction 
between the imprinted molecule and the monomer enhanced the selectivity of the 
non-covalently imprinted polymers. Zhang et al. also applied non-covalent method in 
vanillin imprinted polymer membranes and displayed higher binding and separation 
capacity for vanillin [19]. In some polymers prepared using non-covalent imprinting, 
the simplicity of the imprinting process and the selection flexibility in terms of available 
functional monomers were beneficial for matching templates. Nevertheless, the 
non-covalent imprinted polymers showed lower binding affinity compared with that 
prepared using covalent one [20]. Unfortunately, only a few compounds can be 
imprinted using this approach for vanillin, because the covalent imprinting entails 
difficulties in the synthesis of functional monomer for the tailor made production. 
However, this means that only insufficient technology exists for imprinting using a 
covalent-imprinting method. 
Therefore, in the present study, the vanillin-imprinted polymer spheres were 
synthesized using a new monomer, vanillin methacrylate (VMA) by precipitation 
terpolymerization including delayed monomer additions to the cored polyDVB spheres. 
In our earlier research, post-addition functional polymerization was developed 
successfully as a new technique [21]. The core–shell MIP spheres included imprinting 
process with the precipitation polymerization of functional monomer used for 
covalent-imprinting on the surface of the polymerized DVB particles for bisphenol A 
target. Consequently, preparation of core–shell vanillin-imprinted polymers was 
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designed for vanillin monomer (VMA) by covalent-imprinting to increase the 
separation process. For this purpose, it was found that the aid of co-monomer 
(methacrylic acid, MAA) coordinating hydrogen bonds with the VMA can show high 
recognition to the template by the imprinted polymer particles. On the other hand, as a 
function of delayed time in the terpolymerization for DVB polymer spheres with MAA 
and VMA, the ability of the imprinted polymers in the recognition selectivity and 
binding activity were studied for the enhancement of vanillin separation. The optimized 





 Vanillin (≥ 98%) was purchased from Sigma-Aldrich Corp. (St. Louis, MO, 
USA) and was purified with crystallization method [6]. Sodium hydroxide (Wako Pure 
Chemical Industries Ltd., Osaka, Japan), triethylamine (TEA) (Tokyo Chemical 
Industry Co. Ltd., Tokyo, Japan) and methacryloyl chloride (MAC) (Tokyo Kasei 
Kogyo Co. Ltd., Tokyo, Japan) were used without further purification for synthesis of 
vanillin methacrylate. Magnesium sulfate was purchased from Kanto Chemical Co. Inc. 
(Tokyo, Japan). Tetrahydrofuran (THF), chloroform, acetone, azobisisobutyronitrile 
(AIBN), acetonitrile (HPLC grade), methacrylic acid (MAA), acetic acid, sodium 
hydrogen carbonate and ethanol were purchased from Nacalai Tesque Inc. (Kyoto, 
Japan). Divinylbenzene (DVB) (Nacalai Tesque Inc. (Kyoto, Japan)) was purified using 
a silica gel column to remove the inhibitor used earlier. The initiator of AIBN was 
purified by crystallization in methanol. 
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2.2.2 Preparation of vanillin-imprinted monomer 
As a new monomer, vanillin methacrylate (VMA) (Scheme 2.1) was 
synthesized and used as a functional monomer for covalent vanillin imprinting. The 
synthesis approach was followed by esterification of vanillin (3.06 g, 20 mmol) with 
methacryloyl chloride (MAC) (8.36 g, 80 mmol). Then a methacrylate group was 
introduced to the vanillin framework in the presence of TEA. First, vanillin was added 
to THF solution (50 ml) and TEA (8.08 g, 80 mmol). Then, the vanillin was dissolved 
completely. To the solution, MAC was added dropwise under stirring. The esterification 
reaction was conducted overnight at room temperature for 24 h. Then, white precipitate 
of the TEA salt was removed by filtration and the THF solution was concentrated by 
evaporation. The resultant residue was dissolved in chloroform and washed with an 
aqueous solution of sodium hydrogen carbonate and finally with water to remove the 
salts and remaining of methacrylic acid produced with reaction of water and MAC 
completely. After drying of the THF solution over magnesium sulfate, the organic 
solvent was evaporated under vacuum. The resulting crude VMA was purified with a 
re-crystallization in ethanol to obtain a final product (white, 70.6% yield). 
1
H-NMR was 
used to characterize VMA: (CDCl3) δ [ppm] = 1.98 (m; 3H, CH2=C(CH3)C=O–), 3.84 
(m; 3H, -OCH3), 6.29–5.94 (d; 2H, CH2), 9.76 (s; 1H, CHO). FT-IR in KBr was also 
applied: [cm
-1
]: 1735 (C(=O)O), 1701–1606 (C=O), 1506, 1458 and 1421 (OCH3), 
1598–1510 (aromatic ring of VMA), 1271–1153 (aromatic in-plane deformation), and 




























Scheme 2.1 Preparation of vanillin methacrylate monomer 
 
2.2.3 Preparation of vanillin-imprinted polymers by delayed precipitated 
terpolymerization 
In this part, it was focused that delayed monomers addition to the polyDVB 
spheres was performed for copolymerization or terpolymerization of the DVB and both 
VMA and MAA as shown in Figure 2.4. For the copolymerization of DVB and VMA, 
the delayed copolymerization of VMA was carried out on the precipitated polyDVB. 
The crosslinker DVB 13.02 g (100 mmol) was added in the mixture of 220 ml acetone, 
30 ml water and the free radical initiator AIBN (1 mmol) was added into the solution in 
turns. The mixtures were poured into a 500 ml three-neck round bottom flask. The flask 
was kept in an oil bath equipped with an agitator (BL 3000; Heidon/Shinto Scientific Co. 
Ltd.), a condenser and a capillary tube for nitrogen gas. The solution in the flask was 
deoxygenated with nitrogen gas for 30 minutes at room temperature, while the stirring 
speed was kept at 300 rpm. The temperature of the flask was increased up to 65 °C 
under continuous nitrogen atmosphere. After 3 hours, the template VMA 4.40 g (20 
mmol) was dissolved in 50 mL acetone was dropped into the solution. The 
polymerization was continuously carried out by the process reached 24 hours. 
Vanillin methacrylate 
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Subsequently, the precipitated polymer was separated and washed with a mixture of 
acetone and water and dried under vacuum condition. The white powder of dried 
polymer was hydrolyzed with 1 M NaOH and small amount of ethanol solution at 50 °C 
for 12 hours to remove the template [22]. Finally, the core-shell imprinted polymers 
were washed with water until neutral and dried under vacuum condition.  
 
 
Figure 2.4 Schematic illustration of the vanillin imprinting prepared by delayed 
addition monomer in precipitation terpolymerization 
 
For the terpolymers spheres having both VMA and MAA on the core DVB, 
P(DVB-co-MAA-co-VMA), the terpolymerization process onto the core DVB sphere 
contained the delayed monomer addition to vanillin methacrylate (VMA) and 
methacrylic acid (MAA) at 0, 1.5, 3 and 6 hours. After the step-wise addition, then 
terpolymerization was kept additionally for 24 hours. The amounts of the monomers 
used for the P(DVB-co-VMA) and P(DVB-co-MAA-co-VMA) syntheses are shown in 
Table 2.1.  
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Table 2.1 Monomers feed for preparation of copolymer P(DVB-co-MAA), 





Monomer feed  
(mmol) 
















P(DVB-co-MAA) 0 h 100 0 20 0 0 0 85.3 
Copolymer     0 h 100 20 0 19.3 18.9 0 87.1 
P(DVB-co-MAA) 3 h 100 0 20 0 0 3 67.2 
Copolymer      3 h 100 20 0 19.2 18.9 3 70.3 
Terpolymer      0 h 100 20 20 19.8 18.7 0 81.4 
Terpolymer    1.5 h 100 20 20 19.5 18.8 1.5 79.2 
Terpolymer      3 h 100 20 20 19.7 18.0 3 80.3 
Terpolymer      6 h 100 20 20 19.6 18.2 6 76.5 
1
Polymers were prepared in 220 ml acetone, 30 ml water with DVB (100 mmol) and AIBN (1 




2.2.4 Preparation of vanillin-imprinted terpolymers with different content of 
methacrylic acid addition 
As shown in Table 2.2, the content of MAA and VMA monomers addition with 
5, 10, and 20 mmol to the polyDVB spheres was changed in order to study the hydrogen 
bonding coordinated in covalent-imprinting for the core-shell particles. For the 
procedure of the polymerization, a similar method was used. In addition of the MAA 
monomer, both VMA and MAA in acetone were mixed after the delay time. As a control, 
the P(DVB-co-MAA) copolymer was prepared using the same method when no VMA 


































































Copolymer 100:10-0h 100 10 0 0 19.8 0 53.2 35.7 12.7 
Copolymer 100:5 100 5 0 3 3.5 0 42.8 29.3 4.0 
Copolymer 100:10 100 10 0 3 8.3 0 53.2 30.8 4.3 
Copolymer 100:20 100 20 0 3 17.7 0 68.7 35.1 4.7 
Terpolymer 100:20:5 100 20 5 3 18.2 4.3 49.6 55.3 8.7 
Terpolymer 100:20:10 100 20 10 3 18.7 6.7 57.3 59.8 7.5 
Terpolymer 100:5:20 100 5 20 3 3.7 17.6 67.5 63.6 8.6 
Terpolymer 100:10:20 100 10 20 3 7.5 19.7 69.9 66.4 12.5 
Terpolymer 100:20:20 100 20 20 3 18.5 20.5 70.3 67.2 13.6 
P(DVB) 100 0 20 0 - - 67.0 28.5 - 
1









































The obtained imprinted polymers on the surface on the DVB added particles 
can be characterized using measurements such as Fourier transform infrared (FT-IR) 
spectroscopy (IR Prestige-21 FTIR 8400s; Shimadzu Corp., Kyoto, Japan), laser 
diffraction particle size analyzer (SALD 7000; Shimadzu Corp., Japan) and scanning 
electron microscopy (SEM, JSM-5310LVB; JEOL, Tokyo, Japan). The molar contents 
of DVB, MAA, and VMA in the copolymer and terpolymer particles were estimated 
using FT-IR analysis based on the absorption band value for the characteristic groups of 







. The suspensions of imprinted polymers in water were analyzed using a 
laser diffraction particle size analyzer (SALD 7000; Shimadzu Corp., Kyoto, Japan). 
The batch cell was used to measure the imprinted polymer samples at a high 
concentration. In this case, the long light path length results in multiple scattering. 
Therefore, the vertical motion of the stirring plate inhibits settling of the particles and 
makes accurate measurement possible. The particle size distribution data of the 
imprinted polymers were the following: Copolymer 100:5 [Span = 2.18, d[3,2] = 0.35, 
d[4,3] = 0.24]; Copolymer 100:10 [Span = 2.20, d[3,2] = 0.33, d[4,3] = 0.23]; 
Copolymer 100:20 [Span = 2.11, d[3,2] = 0.34, d[4,3] = 0.23]; Terpolymer 100:5:20 
[Span = 1.96, d[3,2] = 1.01, d[4,3] = 1.49]; Terpolymer 100:10:20 [Span = 1.96, d[3,2] 
= 1.01, d[4,3] = 1.49]; Terpolymer 100:20:20 [Span = 1.96, d[3,2] = 1.06, d[4,3] = 
1.47]; Terpolymer 100:20:5 [Span = 2.01, d[3,2] = 0.82, d[4,3] = 1.01]; Terpolymer 
100:20:10 [Span = 2.05, d[3,2] = 0.81, d[4,3] = 1.02]; Terpolymer 100:20:20 [Span = 









































2.2.5 Separation in batch binding experiments for the vanillin-imprinted 
polymer particles 
Batch binding experiments were performed in aqueous solution (40 mL) 
containing vanillin analog of syringaldehyde (SA) and p-hydroxybenzaldehyde (HBA) 
and vanillin with each 100 µM concentration in the presence of the polymer (0.02 g). 
The solution containing imprinting polymer particles was dispersed and shaken at 30 °C 
in a 50 ml glass container. The incubation time for a saturated binding process was 
specified as 24 hr. The vanillin concentration after batch binding experiments was 
determined using high-performance liquid chromatography (HPLC) (CCPE-II; Tosoh 
Corp.). The samples were separated on a TSK gel ODS-80 Ts QA column (75 mm 
length × 4.6 mm, 5 μm; Tosoh Corp.) with a 1:8 mixture of acetonitrile:water containing 
of 1% acetic acid as the mobile phase with a flow rate of 1 mL/min at a constant 
temperature. The eluent was monitored with an UV detector at 280 nm (Hitachi 655; 
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The binding amount [BA] (µmol/g) of vanillin was calculated using the 
following equation: [BA] = (Co - Ct) V/W, where Co and Ct, respectively, represent 
molar concentrations of vanillin measured before and after the binding process. Also, V 
and W represent the volume of vanillin solution and weight of imprinted polymers, 
respectively. The values of BA for their substrates were calculated using concentration 
changes resulted from the HPLC charts for each peak. In addition, the value of 
separation factor (α) was evaluated based on the following equation: α=(CAp/CBp) / 
(CAf/CBf), where CAp and CBp stand for the binding concentrations of a substrate and 
p-hydroxybenzaldehyde in the permeate solution, respectively. CAf and CBf respectively 
denote the concentrations of substrate and p-hydroxybenzaldehyde in the feed solution. 
When α >1, the vanillin bond to the imprinted polymer is recognized [23]. 
 
2.3     Results and discussion 
2.3.1 Characterisation of vanillin-imprinted polymers prepared by delayed 
precipitated terpolymerization 
For precipitation polymerization for P(DVB-co-MAA) and P(DVB-co-VMA), 
the yield was obtained as 85.3 and 87.1 %, while in the case of the delayed 
copolymerization 67.2 and 70.3 % were resulted for the delayed 3 hours. The 
comparison without and with delayed copolymerization indicated that the step-wise 
copolymerization of the monomers on the cored polyDVB spheres was somewhat 
decreased in the yield. In the cases of terpolymers, DVB, MAA and VMA were used in 
the present work. When MAA and VMA were delayed in the monomer addition, the 
yields were increased for 81.4 %, 79.2 %, 80.3 % and 76.5 % at 0, 1.5, 3 and 6 hours, 
respectively.  
Chapter 2 





































Figure 2.5 shows results for laser diffraction particle size of the copolymers 
and the terpolymers and SEM pictures of the particles. These indicated that the 
copolymers of P(DVB-co-MAA) and P(DVB-co-VMA) prepared at 3 hours delay time 
had 0.1-0.3 μm and 0.3-0.5 μm, respectively, in the sphere size. As shown in the 
inserted SEM pictures, the images of the copolymers containing only MAA clearly 
showed fine particles with the size range of 0.2-0.4 μm. Besides, the average diameter 
of the spherical P(DVB-co-VMA) copolymer was 0.3-0.6 μm, meaning that somewhat 
the sphere size seemed to be larger. There were well corresponded results of the particle 
distribution obtained with the laser diffraction method. On the other hand, when the 
delayed time was 3 hour for the terpolymers, both data of the laser diffraction and SEM 
image in (e) could compare each other. The terpolymer containing both MAA and VMA 
had a somewhat larger diameter relative to the copolymer systems. The data (c) and (f) 
for the terpolymer systems could compare in size change of the resultant spheres at the 
delayed time. As the delayed time increased from 0 to 3 hours, actually the SEM views 
showed increases of the spheres and the laser diffraction presented in 0.4-0.8 μm and 
0.5-1 μm, respectively. For the delayed time of 6 hours, the result was in 0.7-1.05 μm, 
meaning that the increase of the delay time had tendency on the diameter increase.  
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Figure 2.5 SEM images and particle size distribution of P(DVB-co-MAA), 
P(DVB-co-VMA) and P(DVB-co-MAA-co-VMA) after hydrolysis with NaOH aqueous 
 
In order to confirm the interaction of MAA in the vanillin-imprinted terpolymer, 
FT-IR spectra of the P(DVB-co-MAA), P(DVB-co-VMA) and 
P(DVB-co-MAA-co-VMA) were compared as shown in Figure 2.6 (a) and (b) for 
2640-3140 cm
-1 
region and 410-1900 cm
-1
 region, respectively. FT-IR spectra of the 
former figure showed in the range 2640-3200 cm
-1
 that the terpolymer, 
P(DVB-co-MAA-co-VMA) had absorption peaks at 2926 cm
-1
, assigned to CH2 
stretching band for the aromatic segments for VMA, 2725 cm
-1
, assigned to carbonyl 
groups of the VMA segments and slightly shifted toward higher wavenumber region in 
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the case of the terpolymers, when the delayed time was increased. In addition, we noted 
that the peak intensity at 2752 cm
-1
 became stronger in the terpolymers which prepared 
at 3 and 6 hour delayed time. This evidence implied that the -CHO group of VMA 
segments could be interacted with the group of the MAA segments in the terpolymers. 
Evidence was shown that both MAA with VMA effectively interacted on the polyDVB 
spheres, providing a hydrophilic precursor for imprinted core-shell terpolymers can 
encode the template shape. At the same time, hydrophobic and hydrogen bonding 
interaction occur in imprinted core-shell terpolymers, inducing that the terpolymer 
spheres may occur high separation. On the other hand, the spectral shape was almost 
same in the obtained spheres. This meant that the DVB, MAA and VMA components in 
each sphere was almost similar with 71.4, 14.3 and 14.3 mol %, respectively. In Figure 
2.6 (b), the absorption peaks at 1801 cm
-1
 revealed that the VMA segments and 1755 
cm
-1
 assigned to the carbonyl bands of MAA group. The band at 1703 cm
-1
 for the VMA 
segments was attributed with C=O group in the formyl group of the vanillin. The C=O 
band at near 1604 cm
-1
 region assigned to the MAA monomer which interacted in the 
polymer. Besides, the peak at 734 cm
-1 
revealed for in-plane bending (rocking) of CH2 
group from DVB segments in the terpolymers. The intensity of the peak was increased, 
when the delay time increased. This meant that the VMA content in the resultant 
terpolymers declined from terpolymers when the delay time increased.  
After the terpolymers microspheres were hydrolyzed with 1 M NaOH solution, 
the P(DVB-co-MAA-co-VMA) at 6 hours of the delay time revealed that the vanillin 
mole fraction was 12.2 mol% after the extraction was finished. In the  
P(DVB-co-MAA-co-VMA) at 0, 1.5 and 3 hours delay time, each terpolymer showed 
that the vanillin content after the hydrolyzed manor with 1 M NaOH were 12.7, 12.8 
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and 13.0 mol %, respectively. The initial molar rate of vanillin for the imprinted 
terpolymer was 14.3 mol %. This meant that, when increasing the delay time of 
monomer addition to the polymerization process, the concentration of DVB was not 
being high enough to cross-link the VMA monomer and MAA on the surface of formed 
polyDVB spheres.  
 
 










































Figure 2.6 (a) FT-IR spectra of P(DVB-co-MAA) 3 h, P(DVB-co-VMA) 3 h and P(DVB-co-MAA-co-VMA) at 0 and 3 h of delayed 
time of VMA monomer addition at 2640-3140 cm
-1
 region. 














































Figure 2.6 (b) FT-IR spectra of P(DVB-co-MAA) 3 h, P(DVB-co-VMA) 3 h and P(DVB-co-MAA-co-VMA) at 0 and 3 h of delayed 
time of VMA monomer addition at 410-1960 cm
-1
 region
410 610 810 1010 1210 1410 1610 1810 
Wavenumber, cm-1 
1801 cm-1 










































2.3.1.1 Vanillin binding to the imprinted spheres by adsorption experiments  
Figure 2.7 shows the binding amounts of vanillin on the imprinted spheres 
prepared with different delayed time for terpolymers and copolymers. As seen in black 
circle and triangle symbols, the results for the copolymers were included in the figure. 
The results for the vanillin indicated that the binding amounts of the imprinted 
copolymer sphere prepared at 0 and 3 hour delayed time were 15 and 18 mmol/g, 
respectively, while the control polymer, P(DVB-co-MAA), presented somewhat less 
binding to the vanillin with the value of 10 and 14 mmol/g at the 0 and 3 hour delayed 
time, respectively. It was noted that the terpolymer spheres showed much higher 
binding amounts for the vanillin in the range 59-78 mmol/g. The vanillin binding 
amounts had a tendency as followed. In the case of the delayed terpolymerization, the 
vanillin binding for the P(DVB-co-MAA-co-VMA) prepared at 0, 1.5, 3 and 6 hours 
were 59, 70, 78 and 75 mmol/g, respectively. When the delay time increased, the 
vanillin-imprinted microspheres displayed higher vanillin binding. But, when the delay 
time was longer than 3 hours, the vanillin binding become saturated in the range of 
70-78 mmol/g. It was understood that the initiator would be gradually degraded and its 
concentration was declining. Thus, for the P(DVB-co-MAA-co-VMA) between 3 hour 
and 6 hours, when the vanilla monomer was added to the core DVB spheres, the 
initiator might be almost degraded. As a result, the binding amount decreased from 78 
to 75 mmol/g. As a result, the terpolymer spheres showed a good capacity for capture of 
the vanillin template compared to the copolymers. This seemed that the selective 
adsorption process of the vanillin template might involve hydrogen bonding interaction 
between carbonyl groups of vanillin and the carboxylic groups of the imprinted 
polymers (Scheme 2.3). 
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Figure 2.7 Binding amounts of vanillin for P(DVB-co-MAA), P(DVB-co-VMA) and 
P(DVB-co-MAA-co-VMA) with different delayed time 
 
Figure 2.8 displays separation factor of the vanillin-imprinted copolymer and 
terpolymers to discriminate imprinted target vanillin and its analog. In the imprinted 
terpolymer with the delay time at 3 and 6 hours, the values of separation factor α were 
7.1 and 6.3, respectively. As seen, the imprinted terpolymer at the delay time 3 hours 
displayed a separation factor of 1 and 1.5 for p-hydroxybenzaldehyde and 
syringaldehyde, respectively. This meant that the both P(DVB-co-MAA-co-VMA) at 
the delay time 3 and 6 hours, showed a greater tendency towards vanillin uptake with 











































































Figure 2.8 Comparison of separation factor of vanillin and vanillin analogs for 
P(DVB-co-MAA), P(DVB-co-VMA) and P(DVB-co-MAA-co-VMA) 
 
To analyze the binding behavior of the imprinted polymers, Langmuir equation 
which was commonly used for the evaluation of the binding characteristics of 
molecularly imprinted polymer to substrate compound, was used. Here, the value of b 
for the vanillin-imprinted polymers was determined according to the Langmuir equation 
[24].  
Ce/qe = Ce/Qm + 1/Qmb         
where b (L/mmol) is the Langmuir constant related to the affinity of the binding sites, 





























Syringaldehyde  p-Hydroxybenzaldehyde Vanillin Syringaldehyde 
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the binding amount of polymer to vanillin and Ce (mmol/L) is the equilibrium 
concentration of vanillin in solution.  
     According to the Langmuir equation, Figure 2.9 shows linear relation for 
vanillin separation with Ce/qe and Ce. The data suggested that the 
P(DVB-co-MAA-co-VMA) prepared at 3 hours delayed time presented the maximum 
binding sites to the template vanillin to be Qm = 78 mmol/g and b = 0.11. This result 
promised to be high recognition to the vanillin by the imprinted effect. As seen in Table 
2.3, the obtained Qm value for the P(DVB-co-MAA-co-VMA) was actually higher than 
those of the copolymers spheres. In addition, the resultant values of b were 0.11, 0.08 
and 0.06 L/mmol for vanillin, syringaldehyde and p-hydroxybenzaldehyde, respectively. 
As a result, these data strongly supported that the vanillin-imprinted terpolymers mostly 
discriminated vanillin to syringadehyde and p-hydroxybenzaldehyde in the adsorption 
process.  
Table 2.3 The analogs binding capacities in P(DVB-co-MAA), P(DVB-co-VMA) and 
P(DVB-co-MAA-co-VMA)  
Types of polymers 













P(DVB-co-MAA) 0 h 11.1 0.11 2.7 0.04 2.4 0.01 
P(DVB-co-MAA) 3 h 14.6 0.12 2.9 0.03 2.8 0.02 
Copolymer     0 h 15.4 0.13 3.0 0.02 3.1 0.02 
Copolymer      3 h 18.4 0.12 3.9 0.02 3.6 0.02 
Terpolymer      0 h 60.7 0.12 4.7 0.03 3.9 0.02 
Terpolymer      1.5 h 68.3 0.14 4.9 0.05 3.7 0.09 
Terpolymer      3 h 77.9 0.11 5.1 0.08 2.6 0.06 
Terpolymer      6 h 76.1 0.16 6.5 0.09 3.7 0.07 
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Figure 2.9 Comparison of linearized Langmuir isotherms for the adsorption of vanillin 
onto terpolymers at different delayed time 
 
2.3.2 The effects of hydrogen bonding coordinated in vanillin-imprinted 
polymers  
   As described in the experimental section, the copolymers and the terpolymers 
were prepared using stepwise precipitation polymerization, as presented in Table 2.2. 
Several monomers feeding in the copolymers and the terpolymers were performed. With 
increasing VMA feeding for the copolymers, the yield was increased from 42.8% to 
68.7%. In addition, in the influences of the co-monomer of MAA for the 
terpolymerization, the values of the polymer yield increased when the co-monomer 
amounts increased. Because the added amounts of MAA were fixed in 20 mmol, the feed 
amounts of VMA were changed from 5 to 20 mmol in the terpolymerization. In this case, 
the delayed time was fixed at 3 hr, but the copolymer with no delay time was also 
















Equilibrium concentration, Ce (mM) 
P(DVB-co-MAA-co-VMA) 0 h 
P(DVB-co-MAA-co-VMA) 1.5 h 
P(DVB-co-MAA-co-VMA) 3 h 
P(DVB-co-MAA-co-VMA) 6 h 
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were obtained by Son and Kobayashi for bisphenol A imprinting using stepwise 
precipitation polymerization [25]. Therefore, the polymerization was performed at 3 hr 
delay in the present work for vanillin imprinting. 
 Figure 2.10 presents SEM images of the copolymers (a)–(f) and terpolymers 
(g)–(l) observed before and after the hydrolysis of the VMA segments. These data were 
taken at 7500 magnitudes in the measurements. As shown, fine particles were obtained 
in the diameter range of 0.1–0.5 μm for the copolymers and 0.5–3.0 μm for the 
terpolymers. Consequently, the copolymer diameter was somewhat smaller than that of 
the terpolymers. The introduced –COOH groups of the MAA segments made the 
particles swelling in the aqueous medium. However, the SEM data of the terpolymers 
observed after hydrolysis showed that the particle size increased from 0.6 to 3.0 μm in 
the diameter, when the MAA was fixed, as might be apparent in (j)–(l). In addition, 
when the VMA was fixed at 20 mmol and the MAA content was changed from 5 mmol 
to 20 mmol for the terpolymers (p)–(r), the particle size was changed from 0.5 to 1.0 μm. 
As shown in Table 2.1, the value of the water contents showed that the terpolymer was 
tended to be swelled relative to the copolymers. This fact is supported by evidence of 
the higher value of water contents in the terpolymer. After hydrolysis of the VMA 
segments was conducted in alkaline solution, the particle sizes were swollen and 
became larger in the un-hydrolysis case, perhaps because the –COO
-
 groups of the 











































                                                          
 





























Figure 2.10 SEM images of P(DVB-co-VMA) and P(DVB-co-MAA-co-VMA). 
Pictures (a)-(c), (g)-(h) and (m)-(n) for particlesbefore hydrolysis and (d)-(f), (j)-(l) and 
(p)-(r) for particles after hydrolyzed with NaOH aqueous solution 
(c) Copolymer 100:20 
(before hydrolysis) 
(b) Copolymer 100:10 
(before hydrolysis) 
(a) Copolymer 100:5 
(before hydrolysis) 
(f) Copolymer 100:20 
(after hydrolysis) 
(e) Copolymer 100:10 
(after hydrolysis) 
(d) Copolymer 100:5 
(after hydrolysis) 
(i) Terpolymer 100:20:20 
(before hydrolysis) 
(g) Terpolymer 100:5:20 
(before hydrolysis) 
(k) Terpolymer 100:10:20 
(after hydrolysis) 
(j) Terpolymer 100:5:20  
(after hydrolysis) 
(m) Terpolymer 100:20:5 
(before hydrolysis) 
(n) Terpolymer 100:20:10 
(before hydrolysis) 
(o) Terpolymer 100:20:20 
(before hydrolysis) 
(p) Terpolymer 100:20:5 
(after hydrolysis) 
(q) Terpolymer 100:20:10 
(after hydrolysis) 
(r) Terpolymer 100:20:20 
(after hydrolysis) 
(l) Terpolymer 100:20:20  
(after hydrolysis) 
(g) Terpolymer 100:5:20 
(before hydrolysis) 
(h) Terpolymer 100:10:20 
(before hydrolysis) 
(r) Terpolymer 100:20:20 
(after hydrolysis) 
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 Figure 2.11 portrays the particle size distribution of the P(DVB-co-VMA) 
copolymers (a)–(c) and P(DVB-co-MAA-co-VMA) terpolymers (d)–(i) for the 
hydrolysis samples. The change of the VMA feed in the copolymers showed almost no 
difference of the particles sizes of 0.1–0.5 μm. When the MAA contents were increased 
for the terpolymer particles, the particle distribution appeared in the larger particle side 
in the terpolymerization. For example, in the comparison of (g) and (i), apparently, the 
distribution of about 2.0 μm size was increased in the case of (i). However, the SEM 
data of (m) and (o) implied that each particle diameter was slightly different, especially 
in the case of (o). This fact corresponded well to the data of particle size distribution, as 
depicted in Figure 2.11(i). 
 
     
     
     
Figure 2.11 Particle size distribution of P(DVB-co-VMA) and 
P(DVB-co-MAA-co-VMA) after hydrolysis with NaOH aqueous solution 
(a) Copolymer 100:5  
(b) Copolymer 100:10  
(c) Copolymer 100:20  
(d) Terpolymer 100:5:20  
(e) Terpolymer 100:10:20  
(f) Terpolymer 100:20:20  
(g) Terpolymer 100:20:5  
(h) Terpolymer 100:20:10  
(i) Terpolymer 100:20:20  
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2.3.2.1 Separation selectivity for vanillin in the mixture 
The copolymer and terpolymer particles made of the DVB, VMA, and MAA 
were used for evaluation of binding studies. Figure 2.12 shows the HPLC chart for a 
mixture solution of vanillin, syringaldehyde (SA) and p-hydroxybenzaldehyde (HBA) 
with each 100 μM concentration in water. Here, the SA is an analogue having two of 
methoxy group in the vanillin framework. Another HBA has no methoxy group, as 
shown in the insert scheme of the chemical structure in Figure 2.12. From comparison 
of the HPLC charts, the terpolymer made the vanillin peak weaker than other MIP 
particles, meaning that the terpolymers can selectively bind and efficiently separate 
vanillin from the mixture. It might be resulted from that the imprinted binding sites of 
the terpolymers were formed effectively towards the vanillin target, when the MAA was 
introduced to the VMA imprinting polymers. 
Figure 2.13 presents a comparison of the binding amounts (μmol/g) of each 
substrate in the imprinted polymer particles. As expected, the control polymer, P(DVB), 
presented less binding to the vanillin relative to the other imprinted particles. This 
showed that the lower selectivity to the template was observed in the DVB. The binding 
amounts of the imprinted copolymer were between 15–19 μmol/g. However, the 
terpolymer particles caused binding to the vanillin to be much higher in 48–78 μmol/g. 
Results show that the terpolymer particles exhibited better selectivity for the vanillin 
template than the copolymers did. For example, the binding amount of the terpolymer 




















































Figure 2.12 HPLC charts for mixture solution of p-hydroxybenzaldehyde (HBA), syringaldehyde (SA) and vanillin (V) (100μM) 
before and after adding the copolymers and terpolymers 
































Furthermore, the P(DVB-co-VMA)s showed lower binding amount of 15.4, 
21.8, and 17.6% for the copolymers, as prepared respectively with the VMA feed in 5, 
10, and 20 mmol,. The covalent-imprinting technique is known to be able to produce 
imprinting sites in the cross-linked DVB segments [26, 27]. However, in the present 
work, the vanillin imprinted copolymers having both DVB and VMA segments had a 
less effect on the binding to the vanillin template. As presented in Figure 2.13 (b), the 
values of separation factor were α=1.4–2.0 for the imprinted copolymers. In contrast, 
the terpolymer was able to enhance the binding amounts to the vanillin and exhibited 
higher separation factor. When the MAA was changed from 5, 10, to 20 mmol in the 
polymerization, the resultant terpolymer presented 55.5, 56.1, and 78.1 μmol/g and 
α=3.5, 3.7, and 6.8, respectively. In these cases, the highest value of separation factor in 
the system was 6.8, as the molar ratio of VMA and MAA was 1:1. The DVB-based 
polymers are known to exhibit strong hydrophobic behavior [28, 29] showing very low 
wetting in water. In addition, the terpolymers having –COOH group suggest that the 
formed –COOH groups in the DVB segments became higher water contents of 
55%–67% (Table 2.2). In the SEM for the terpolymer, the high swelling behavior might 
result from the presence of OH group of the MAA segments because of the MAA 
showed hydrophilic property in the DVB environment. Therefore, the terpolymers gave 
higher probability to access with water and also template in the binding process, 
although the binding sites were embedded in the hydrophobic DVB segments. 
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The equilibrium isotherm is well known to play an important role in predictive 
modeling for analysis and design of adsorption systems. The adsorption isotherm 
provides a relation between the concentration of the molecules in the solution and the 
amount of substrate adsorbed onto the solid phase when the two phases are at 
equilibrium. Therefore, during the batch experiment, the equilibrium constant and the 
apparent maximum number of binding sites of the imprinted polymers were mainly 
estimated using Langmuir analysis. Equilibrium binding for each substrate was varied 
in the initial concentration of analogs mixture from 20 to 100 μM and was conducted in 
the presence of 0.02 g of MIPs particles in 50 mL volume. The obtained data are given 
in Table 2.3. Here, the value of Qm for vanillin was about 78.1 μmol/g, which was much 
higher than those of SA and HBA for 6.49 and 7.82, respectively. It was speculated that 
the carboxylic group from methacrylic acid plays an important role in the molecular 
recognition because the terpolymers were prepared with equal molar ratio of VMA and 
MAA. It might be shown that the result of strong interaction was present between MAA 
and VMA for the formation of the binding sites of the terpolymers. 
 
2.3.3 Confirmation of coordinated hydrogen bond in vanillin covalent-imprinting 
To confirm the interaction between DVB, MAA and VMA, FT-IR spectra of the 
P(DVB-co-VMA) copolymers and the P(DVB-co-MAA-co-VMA) terpolymers were 
measured for the determination of DVB, MAA, and VMA units. In these cases, the 
absorption band value for the characteristic groups of 713–709 cm
-1
 (-CH in aromatic 
fragments), 736–732 cm
-1
 (C-O-C in vanillin segments), and 1809–1807 cm
-1
 (-C=O in 
methacrylic acid segments) were used as presented in Table 2.2. The values of mole 
fractions (mol%) of the co-monomers units in the copolymers and the terpolymers were 
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obtained using FT-IR data (Table 2.2). Table 2.2 also contains a degree of hydrolysis for 
the VMA segments. In the copolymers, the values were 4.0–4.5 mol% for copolymers 
and 7.5–13.7 mol%. Results clarify that the terpolymer showed higher hydrolysis 
degree on the VMA segment, meaning that a higher population existed on the vanillin 
imprinted sites in the terpolymer system. However, when the value of separation factor 
and binding amounts for the vanillin was compared, the terpolymers prepared from 5, 
10, and 20 mol% in the VMA feed showed quite different behavior. Consequently, the 
terpolymer prepared with 20 mmol of VMA and 20 mmol of MAA showed extremely 
higher separation, even though the degree of hydrolysis was almost equal. Therefore, to 
investigate these results, a comparison was made of their FT-IR spectra. 
 Figure 2.14 presents FT-IR spectra of different MAA contents in the 
terpolymers and includes copolymer and VMA homopolymer. Figure 2.14 (a) shows 
FT-IR spectra between 2440–3200 cm
-1
. The FT-IR peak assigned to CH2 stretching 
band at 2900 cm
-1
 for the aromatic segments for VMA. The –CHO band of the VMA 
segments appeared in 2740 cm
-1
 and shifted slightly toward lower wavenumber region 
in the case of the terpolymers. Additionally, it was noted that the peak intensity became 
weaker in the terpolymers. It was apparent in (b) for 1500–1900 cm
-1
 region that the 
major peaks at 1761 cm
-1
 showed the VMA segments and 1755 cm
-1
 for the carbonyl 
bands of MAA group. The band at 1703 cm
-1 
for the VMA segments was attributed with 
C=O group in formyl group of the vanillin. In the spectrum of the unhydrolyzed 
terpolymers, the C=O band at near 1600 cm
-1
 region appeared, showing a slight shift on 
the absorption maximum. The MAA group was interacted in the polymers. As depicted 
in Figure 2.14, this evidence implied that the CHO group can interact with another 
group of the MAA segments in the terpolymer. By comparing the results of the FT-IR 
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spectra, the peak at 1805 cm
-1
 corresponded to the stretching vibration of the carbonyl 
group of MAA segments in the polymers. By adding MAA in the polymerization, these 






, meaning that interaction of hydrogen 
bonding occurred between MAA and the neighboring VMA. As Scheme 2.4 shows, the 
terpolymers expressed covalent-imprinting supported with hydrogen bonding 
coordination to encode the vanillin recognition. 
 
Table 2.4 Langmuir isotherms with for the adsorption of vanillin, syringaldehyde and 





















P(DVB) 3.4 0.14 1.2 0.08 8.4 0.02 
Copolymer 100:5 15.6 0.02 2.3 0.01 4.7 0.03 
Copolymer 100:10 18.8 0.01 4.9 0.02 3.9 0.05 
Copolymer 100:20 17.3 0.05 6.5 0.02 3.5 0.04 
Terpolymer 100:20:5 48.7 0.11 5.5 0.02 3.0 0.02 
Terpolymer 100:20:10 49.6 0.04 8.9 0.08 7.2 0.09 
Terpolymer 100:5:20 55.5 0.15 8.8 0.08 6.4 0.08 
Terpolymer 100:10:20 56.1 0.15 5.4 0.02 3.7 0.02 
Terpolymer 100:20:20 78.1 0.05 6.5 0.03 7.8 0.02 
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P(DVB-MAA-VMA) 5 MAA 
P(DVB-MAA-VMA) 10 MAA 
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Figure 2.14 FT-IR spectra of P(DVB-co-MAA-co-VMA) terpolymer with different addition of MAA contents and P(DVB-co-VMA) 
copolymer before hydrolysis in different range of wavenumber














P(DVB-MAA-VMA) 5 MAA 
P(DVB-MAA-VMA) 10 MAA 
P(DVB-MAA-VMA) 20 MAA 
P(VMA) 
1600 cm-1 1805 cm-1 1761 cm-1 1703 cm-1 
(b) 
Chapter 2 




2.4     Conclusion 
Imprinted polymer spheres composed of P(DVB-co-MAA), P(DVB-co-VMA) 
and P(DVB-co-MAA-co-VMA) were synthesized by precipitation polymerization 
allowing direct covalent imprinting of vanillin by using step-wise monomer addition to 
the preformed polyDVB medium. The vanillin-imprinted microspheres were prepared 
with different delay time. From the finding results, it showed that the vanillin imprinted 
terpolymer had a hydrogen bond coordinated in the covalent-imprinting. In the 
terpolymers, the sphere size was changed by varying the delay time of monomer 
addition to the same precipitation polymerization system. Also, the imprinted 
terpolymer enhanced the separation of vanillin from the mixture solution at the 3 hours 
delayed time in the terpolymerization on the preformed polyDVB spheres. In addition, 
when the feeding of MAA and VMA was 1:1 in the polymerization, the resultant 
terpolymer particles showed an excellent separation ability with α = 6.8 and larger 
binding amount of 78.1 μmol/g for the vanillin template. It was concluded that the 
delayed addition of the monomers to the preformed polyDVB spheres was an effective 
method for the vanillin covalent imprinting due to the intermolecular hydrogen bonding 
to the VMA. Therefore, these data suggested that the presence of MAA was important 
in the imprinted terpolymer for encoding the template. As a result, the coordinated 
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intermolecular hydrogen bond engendered high separation properties.  
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Efficient Separation on Vanillin Operated with Permeability 
Performance of Hollow Fiber Membranes Embedded Vanillin 
Imprinted Polymer Particles  
 
Abstract: Vanillin separation was efficiently enhanced when the vanillin-imprinted 
polymer particles were embedded in hollow fiber membranes. Vanillin-imprinted 
poly(ethersulfone) hollow fiber membranes were prepared using dry-wet spinning 
method. In the preparation process of the imprinted hollow fiber membranes, the 
vanillin-imprinted polymer particles composed of vanillin methacrylate and methacrylic 
acid in divinylbenzene segments were used and embedded in poly(ethersulfone) hollow 
fiber membranes with different contents of the vanillin-imprinted particles at 0, 2.5, 5.0, 
10 and 15 wt %. Permeability of 100 mmol/L aqueous solutions containing each vanillin 
and its analog towards the imprinted membrane was examined in permeation flux and 
separation factor. The value of the separation factor was 32 for 10 wt % loading with 93 
l/m
2
h flux, while for 2.5 wt %, the values of separation factor and the permeation flux 
were 9.5 and 22 l/m
2
h, respectively. These experimental evidences indicated the 










The utilization of hollow fiber membranes in separation process has attracted 
much attention owing to its promising properties for compact fashion and high efficient 
performance on water treatment. This becomes one of the emerging technologies which 
undergo a rapid growth during the past few decades. The selectivity of hollow fiber 
membrane for a targeted molecule is a key factor determining the success of a 
membrane separation process. In addition, the hollow fiber configuration soon led to 
numerous commercial applications in various fields such as for blood dialysis in the 
medical field [1], wastewater treatment [2], gaseous separation [3] and azeotropic 
mixture separation [4]. In addition, these membranes have a number of attractive 
properties such as flexibility [5], high surface area per unit volume [6], easy and low 
energy of continuous operation under mild conditions
 
[7] and low operating costs [8], 
which means that they can be adapted to a variety of filtration applications.   
More recently, many efforts have been made to prepare functional hollow fiber 
membrane showing tailored-made selectivity towards specific molecules in order to 
separate chemical analog molecule components in a substance mixture. The 
development of highly selective membranes from combination of synthetic membranes 
with the inspired concept of molecular imprinting attracted much interest for advanced 
separation. This is because in the molecular imprinting technology that the most 
applicable method can construct alternative polymeric materials for molecular 
recognition [9, 10]. It has been reported that hollow fiber molecularly imprinted 
membrane offers many advantages, when the support membranes having mechanical 
integrity has high selectivity of the imprinted polymer to the target molecules. In this 
strategy, Zhao et al. [11] demonstrated that bisphenol A could transfer from low 
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concentration to high concentration for the poly(ethersulfone) (PES) hollow fiber 
membrane due to the large amount of binding sites. Meanwhile, Peimin and Bing
 
[12] 
reported that the blending trimethoprim-MIP and polysulfone membrane prepared to 
exhibit good recognition ability to trimethoprim as well as good flexibility and high 
mechanical strength. On the other hand, in our group, the MIP spheres were embedded 
in hollow fiber membranes as an alternative technology. This technology was applied as 
specific targeted adsorbents to bisphenol A separation [13]. This technique possesses the 
high possibility for broadening application, but, the information still is very limited. 
Therefore in the present work, covalent imprinting vanillin polymer particles was 
embedded in PES scaffold using dry-wet spinning method for preparation of imprinted 
hollow fiber membranes.    
Here, polyethersulfone (PES) is one of the important polymeric materials and 
the PES-based hollow fiber membranes have shown high performance on several 
industrial fields. Therefore, vanillin-imprinted hollow fiber membranes can lead to the 
improvement selectivity for separation of vanillin as special targeted adsorbent. It is 
known that vanillin is an important flavoring and aromatic component that is mainly 
obtained from the seed pods of the tropical orchid Vanilla planifolia. As fragrances, 
vanillin widely used as flavoring in sweet foods such as ice creams, cakes and soft 
drinks in food industries. Therefore, vanillin is importantly used as a flavoring agent or 
as a precursor of drugs. However, genuine vanilla extracted from the pods is up to 200 
times more expensive than synthetic vanillin. Fortunately, early in the 20
th
 century, 
chemist found that lignin was a source of vanillin. Therefore, considerable attention has 
been devoted to the improvement of the separation processes of vanillin from waste 
lignin [14]. Although the vanillin obtained from the oxidation process contained high 
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level of impurities [15], the purification of vanillin via the oxidation process was carried 
out in terms of a crystallization process [16]. Nevertheless, the crystallization process 
has still not yet successfully purified the vanillin, meaning that other alternatively 
technologies for vanillin would be needed as new separation method. To this end, 
considerable attention has been devoted to the improvement of the separation of vanillin 
in the lignin waste. So, using vanillin-imprinted hollow fiber membrane for separation 
and purification is meaningful as an application. In the present work, the preparation of 
the vanillin-MIP particles, and hollow fiber membranes were described. The properties 
of vanillin separation were studied by using imprinted hollow fiber membranes to 




Vanillin (≥ 98%) was purchased from Sigma (St. Louis, MO, USA) and was 
purified by crystallization method before use. Tetrahydrofuran (THF), chloroform, 
divinylbenzene (DVB), acetone, 2,2’-azobisisobutyronitrile (AIBN), acetonitrile (HPLC 
grade), methacrylic acid (MAA), polyethylene glycol (PEG 600) (MW=600), 
N-methyl-2-pyrrolidone (NMP), acetic acid, sodium hydrogen carbonate and ethanol 
were purchased from Nacalai Tesque Inc (Kyoto, Japan). The DVB was purified three 
times using a silica gel column to remove inhibitor prior used, while AIBN was purified 
by crystallization in methanol. Sodium hydroxide was purchased from Wako Pure 
Chemical Industries., Ltd. (Japan). Meanwhile, triethylamine (TEA) was purchased 
from Tokyo Chemical Industry Co. Ltd (Japan). Methacryloyl chloride (MAC) which 
was used for functional monomer of vanillin, was purchased from Tokyo Kasei Industry 
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Co. (Tokyo, Japan). Prior used for the synthesis vanillin monomer, MAC was distilled 
under vacuum to remove the inhibitor prior to polymerization. Magnesium sulfate was 
purchased from Kanto Chemical Co. Inc (Japan). Poly(ethersulfone) (PES) 
(MW=50,000) was purchased from BASF (Ludwigshafen, Germany) and used as 
delivered.  
 
3.2.2  Preparation of vanillin methacrylate and vanillin-imprinted polymer 
    VMA was synthesized by esterification of vanillin (3.06 g, 20 mmol) and MAC 
(8.36 g, 80 mmol). Here, the methacrylate group was introduced to the vanillin 
framework in the presence of TEA (8.08 g, 80 mmol) by following the procedure. 
Firstly, vanillin was added in dry THF (100 ml) containing TEA and then, the MAC 
monomer was added drop wise under stirring at room temperature. Then, the 
esterification reaction was carried out for 24 hours. The white precipitate of TEA salt 
was removed by filtration after the reaction. The evaporated THF solution was dissolved 
in chloroform and washed with an aqueous sodium hydrogen carbonate solution and 
then with water. The organic layer was dried over with magnesium sulfate. Then, the 
precipitated crude VMA was obtained by the evaporation of the organic layer and 
purified by a re-crystallization in ethanol to obtain a final product (white in color, 
70.6 % yield). 
1
H-NMR was used to characterize VMA: (CDCl3) δ [ppm] = 1.98 (m; 3H, 
CH2=C(CH3)C=O–), 3.84 (m; 3H, -OCH3), 6.29-5.94 (d; 2H, CH2), 9.76 (s; 1H, CHO). 
FT-IR in KBr was also applied: [cm
-1
] = 1735 (C(=O)O), 1701 – 1606 (C=O), 1506, 
1458 and 1421 (OCH3), 1598-1510 (aromatic ring of VMA), 1271-1153 (aromatic 
in-plane deformation), 863-731 cm
-1
 (aromatic out-of-plane deformation).  
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    For vanillin imprinted divinylbenzene particles were obtained by conventional 
surfactant free polymerization was applied to core-shell imprinting method [17]. The 
crosslinker DVB 13.02 g (100 mmol) was added in the mixture of 220 ml acetone, 30 
ml water and the free radical initiator AIBN (1 mmol) was added into the solution in 
turns. The mixtures were poured into a 500 ml three-neck round bottom flask. The flask 
was kept in an oil bath equipped with an agitator (BL 3000; Heidon/Shinto Scientific Co. 
Ltd.), a condenser and a capillary tube for nitrogen gas. The solution in the flask was 
deoxygenated with nitrogen gas for 30 minutes at room temperature, while the stirring 
speed was kept at 300 rpm. The temperature of the flask was increased up to 65 °C 
under continuous nitrogen atmosphere. After 3 hours, the template VMA 4.40 g (20 
mmol) and the functional monomer MAA 1.72 g (20 mmol) were dissolved in 50 mL 
acetone was dropped into the solution. The polymerization was continuously carried out 
by the process reached 24 hours. The precipitated polymer was separated and washed 
with a mixture of acetone and water and dried under vacuum condition. The white 
powder of dried polymer was hydrolyzed with 1 M NaOH and small amount of ethanol 
solution at 50 °C for 12 hours to remove the template. The core-shell imprinted 
polymers were washed with water until neutral and dried under vacuum condition. As a 
control, the non-imprinted polymer (NIP) in the absence of the VMA was prepared and 
treated by the same method. The obtained vanillin-imprinted polymer particles could be 
characterized using the following measurements such as Fourier transform infrared 
(FT-IR) spectrum (IR Prestige-21 FTIR 8400s; Shimadzu Corp., Japan), laser diffraction 
particle size analyzer (SALD 7000; Shimadzu Corp., Japan) and scanning electron 
microscope (SEM) (JSM-5310LVB; JEOL, Japan).  
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3.2.3   Preparation of the hollow fiber imprinted membrane by dry-wet spinning 
process 
In 44 ml NMP as dope solution, PES (20 g) was dissolved and added to 36 g of 
PEG 600 and MIP particles obtained. Then, the mixture was stirred with a constant 
speed at 50 ºC to prepare the blending solution. The content of MIP particles was varied 
by 0, 2.5, 5, 10 and 15 wt % in the PES dope solution. To produce hollow fiber 
membrane, the polymer solution is extruded through an annular orifice (Kyowa Fine 
Tech Co. Ltd.) respectively having the outer and inner diameters of 0.70 mm and 0.28 
mm was used as shown in Figure 3.1, whereas, to obtain the fiber, the bore liquid is 
pumped towards the spinneret and, then, it is co-extruded through an inner orifice. From 
the precipitation bath, the hollow fiber passes through a rinsing bath, and afterwards it is 
placed in a storage tank. Therefore, both the dope solutions containing MIP spheres and 
the aqueous NMP solution (1:1 v/v %) were extruded through the spinneret at the rates 
of 3 ml/min and 2.5 ml/min, respectively, to mix together by using a high pressure gear 
pump (GP Driving Unit CDS-18G-0.8X1, Kyowa Fine Tech. Co. Ltd.). The extruded 
spinning solution was introduced into a water bath located below the nozzle at a 
distance of 10 cm. Then, the extruded spinning solution was coagulated at 25 ºC in 
water to form hollow fibers and kept under water to remove the solvent and the PEG in 
the resultant hollow fiber membranes. The hollow fiber membranes were treated with 
excess of hot water at 90 ºC for 3 times in order to eliminate the remaining amount of 









Figure 3.1 Schematic of the spinning apparatus 
 
3.2.4  Batch binding and permselective separation of vanillin analog 
    To evaluate the binding ability of the vanillin-imprinted hollow fiber 
membranes, the vanillin-imprinted hollow fiber membranes were cut into 20 cm and were 
bundled. Both ends of the bundled were fixed with polyurethane resin (U-10 FL, Loctite 
Corporation, USA) to form a module with 2 cm inner diameter. Each module contained 3 
fibers for permselective experiments in the manner of inside-out like shown in Figure 3.2. 
The initial solution in 20 ml of the mixture solutions containing vanillin, syringaldehyde 
and p-hydroxybenzaldehyde were 100 mmol/L for each solute (Scheme 3.1). The 
nitrogen gas pressure applied for filtration process was 0.1 kg cm
-1
. The permeation flux 
(F) (l/m
2








Herein, V was the volume of permeated solution (l), S for surface area of the membrane 
(m
2
) and t for permeation time (hour). After permeation of solute mixture solution 
through the hollow fiber membrane, the vanillin and other analog concentration in the 
permeate solution was determined using high performance liquid chromatography 
(HPLC) (CCPE-II; Tosoh Corp.) equipped with UV detector set at 280 nm (Hitachi 655; 
Hitachi, Ltd.) and TSK-gel ODS-80Ts QA column (4.6 mm I.D, 75 mm length; Tosoh 
Corp.) [18]. As reported in our previous work [18], the binding amount of vanillin was 













Scheme 3.1 Chemical structure of (a) p-hydroxybenzaldehyde, (b) vanillin and (c) 
syringaldehyde 
 
Figure 3.2 Hollow fiber membrane module 
(a) (b) (c) 
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3.3 Results and discussion 
3.3.1  Characteristic of imprinted hollow fiber membranes 
Each of the hollow fiber membranes was prepared with the phase transition 
technique of the dope solution involving the imprinted particles by using dry-wet 
spinning method to water coagulation medium. It is known that the water medium 
showed high solubility for NMP solvent, but not for PES and the vanillin-imprinted 
polymer powders. Thus, the polymer component was coagulated in the water medium 
and then the solidified hollow fibers showing opaque in appearance were obtained with 
satisfactory in strong membrane. Figures 3.3 show SEM images of cross-section for (a) 
and (b) the vanillin-imprinted hollow fiber membranes. As compared with both PES (d) 
and the imprinted hollow fibers, the images showed the presence of the embedded 
vanillin-imprint particles (VIP) (c) in the hollow fiber membrane. The resultant hollow 
fiber membranes had an inner diameter around 0.59 mm and the thickness of the 
membranes was in about 98-100 μm. Besides, the outer diameter and the thickness of 
hollow fiber membrane embedded VIP spheres were 0.65 mm and 100 μm, respectively. 
Furthermore, the hollow fiber membranes contained sponge-like pores showing typical 
membranes prepared by phase transition technique [19]. On the image of PES-VIP 
hollow fiber membrane (b), the cross-section part existed the VIP spheres with the 
diameter in the range of 0.5-1.0 μm. This confirmed that the VIP spheres were 
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Figure 3.3 SEM images of cross-section of hollow fiber membranes 
 
In order to confirm the presence of the VIP in the PES scaffold, FT-IR spectra 
of the VIP powders, the PES membrane and PES-VIP membranes were compared as 
shown in Figure 3.5. In a and b for the VIP and the PES scaffold, the IR bands at 1745 
cm
-1
 and 1238 cm
-1
 were assigned to C=O stretching from the vanillin-imprinted 
powder and S(=O)2 stretching for ethersulfone group of the PES, respectively. As 
references, the IR spectra of the PES including poly(DVB) spheres in the hollow fiber 
membrane could compared with the data of the VIP membrane. In c-e, spectra for 





PES   
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present, while the S(=O)2 stretching bands were shifted to 1246 cm
-1
, relative to that of 
PES only (b). In addition, it was also clear that the appearance of 1745 cm
-1 
band 
represented the presence of the VIP in the membrane. Furthermore, the intensity of the 
S(=O)2 peak near at 1909 cm
-1
 was decreased and the band at 946 cm
-1
 for the PES was 
disappeared in the PES-VIP hollow fiber membranes, meaning interaction between the 
VIP spheres and PES scaffold. These indicated that the VIP was successfully hybridized 
in the PES scaffold as shown in Figure 3.4. Hydrogen bonding among 
vanillin-imprinted particles on the PES membrane can scaffold the vanillin-imprinted 












































































Figure 3.5 FT-IR spectra of (a) VIP particles, (b) PES membrane and PES-VIP membrane loading VIP particles with (c) 2.5, (d) 5, (e) 
10 and (f) 15 wt % 
410 610 810 1010 1210 1410 1610 1810 
Wavenumber (cm-1) 












3.3.2 Vanillin binding to the imprinted membrane by permeation experiments  
In order to study the recognition ability of resultant hollow fiber membranes to 
the vanillin template, a series of PES-VIP membranes were prepared by changing the 
content of the VIP particles. The binding capacities for vanillin were measured in 
various contents of VIP spheres in the membranes. When these membranes were 
prepared, the weight percents of the VIP changed were at 0, 2.5, 5, 10 and 15 wt % in 
each polymer solution and were used for phase transition technique in the dry-wet 
spinning process. The resultant membrane without VIP and with 10 wt % DVB particles 
had the binding ability to vanillin with 2.4 mmol/g and 21.1 mmol/g, respectively. 
When the content of the vanillin-imprinted powder was changed from 2.5, 5, 10 and 15 
wt % in the membrane, gradual increase of the binding amounts to the vanillin was 
observed as 63, 76, 88 and 84 mmol/g, respectively. When the content of the VIP in the 
membrane increased, there was tendency on the increase of the binding capture of the 
vanillin by the PES-VIP membranes.  
Figure 3.6 shows permeation flux of the PES-VIP and PES hollow fiber 
membranes towards aqueous vanillin and vanillin analogs mixture with each 100 
mmol/L concentration. The permeation flux of the PES hollow fiber membrane without 
the VIP spheres was to be the lowest in the system. But, with increased of the VIP 
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loading in the membrane, the values of the permeation flux were increased. For example, 
when the content of the VIP loading was changed from 0, 2.5, 5 and 10 wt %, the value 
of permeation flux was observed as 22, 35, 56 and 93 l/m
2
h, respectively. This meant 
that the presence of the VIP particles in the membranes made them more porous. At 
higher than 10 wt % of VIP loading the value of the permeation flux of vanillin 
significantly was 92 l/m
2
h. The results indicated that the content of loading VIP 
particles should be controlled in certain range in order to obtain better performance of 
hollow fiber membrane. However, over 15 wt % loading, it was very difficult to have 
good membranes because of very brittle property.  
As indicated in Figure 3.6, the values of the membrane porosity were increased 
with the increase of the VIP loading. It was well corresponded that both membrane 
porosity and the permeation flux had a tendency to be increased, when the amount of 
VIP particles increased. In the range of 10 and 15 wt % loading, there was a least 
significance difference in the membrane porosity and the permeation flux. We 
confirmed that the water uptake values of the membrane having VIP of 2.5 wt %, 5 
wt %, 10 wt % and 15 wt % were 77 %, 89 %, 126 % and 101 %, respectively. In 
addition, the both membranes having 10 wt % and 15 wt % VIP had large surface area 
of 150 and 152 m
2
/g, respectively, in comparison to 93 m
2
/g of the PES membrane 
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without loading with VIP particles. These results clearly indicated that the introduction 
of the VIP particles to the hollow fiber membranes greatly improved porosity of the 
membrane and permeability of the membrane. However, when the loading was in 10–15 
wt %, each characteristic of porosity, water uptake and surface area become almost 




Figure 3.6 Comparison of volume permeation flux and membrane porosity of hollow 
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As shown in Figure 3.7 the ability of the VIP membrane to discriminate 
imprinted target vanillin and its analog was investigated. The data clearly showed that 
the value of separation factor for vanillin was increased, when the VIP loading was 
increased. In the PES-VIP with 10 wt % and 15 wt % loading in the membrane, the 
separation factor α was 32.1 and 31.6, respectively. In these loading amounts, the 
separation ability became constant. As seen, the membrane displayed a separation factor 
of 1 and 1.7 for p-hydroxybenzaldehyde and syringaldehyde, respectively. This meant 
that the both PES-VIP 10 wt % and 15 wt % showed a greater tendency towards vanillin 
uptake with higher selectivity. It was noted that high loading of the VIP particle in the 
membrane exhibited higher permeability of the solute solution through the hollow fiber 
membrane. Even though the lower residence time in the membrane for the solution, the 
10 wt % and 15 wt % PES-VIP membranes had an effective separation of the vanilla 
component. In addition, while the VIP particles showed α=6.8 for vanillin, the imprinted 
membrane exhibited very high separation factor. This is a significant result in terms of 
recognition specificity in the present work. Because the VIP particles were loaded in the 
membrane scaffold with porous structure, the permeability of the solute solution 
through the membrane enabled well approaching to the vanillin imprinted sites of the 
VIP particles. As considered in some degree of H-bonding interactions between the 
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template and the imprinted sites, the template vanillin can be retained through the VIP 
spheres to affect vanillin selectivity. Therefore, the permeation performance had 
advantages to recognize vanillin in aqueous solution. 
It was confirmed that the regeneration of the hollow fiber membrane having 10 
wt % of VIP loading was studied in the permeation flux and separation factor. Figure 
3.8 shows the values of separation factor and permeation flux in each recycled 
membrane. These data presented that the hollow fiber membrane could still separate 
well the vanillin and its derivative after the regeneration of the membrane. By recycling 
at forth times, the separation factor was 1, 16.2 and 1.3 for p-hydroxybenzaldehyde, 
vanillin and syringaldehyde, respectively. The value of the separation factor for the 
vanillin was higher than that of the PES-DVB having 10 wt % loading (Figure 3.8). On 
the other hand, the values of the permeation flux remained essentially unchanging when 
the hollow fiber membrane was reused at 4 cycles for the vanillin separation. This 
revealed that no serious fouling was caused in the permeation experiment for vanillin 
adsorption process.  
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Figure 3.7 Separation factors of vanillin and vanillin analogs for each membrane 
 
 
Figure 3.8 Separation factor and permeation flux of the hollow fiber membrane having 
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Both Figure 3.9 and Table 3.1 show the saturated binding amounts of each 
substrate for various hollow fiber membranes. Herein, the amount of DVB and VIP 
spheres was fixed to be 10 wt % in the loading amounts. It was observed for different 
substrate binding that the VIP had binding amounts of 78, 7 and 8 mmol/g for vanillin, 
syringaldehyde and p-hydroxybenzaldehyde, respectively. By comparison with the 
hollow fiber membranes, the PES-VIP membrane mostly could recognize vanillin with 
the binding amount of 88 mmol/g. This value revealed that the PES-VIP membrane 
showed good recognition towards vanillin. In addition, the other analog, syringaldehyde 
and p-hydroxybenzaldehyde, had less binding to the hollow fiber membrane without 
VIP spheres. This was due to the presence of the VIP spheres possessing a large number 
of selective binding sites for vanillin in the membrane.  
As shown in Figure 3.9 (a), the binding amounts of the vanillin substrate to the 
membranes were relatively small and increased along with the increase of vanillin 
concentration. But, the PES-VIP membrane showed that the binding capacity increased 
gradually reaches a larger equilibrium value, when the concentration was increased. The 
difference in the imprinted and non-imprinted polymers was due to the presence of the 
formation of the specific recognition sites complementary to the vanillin templates. To 
analyze the binding behavior to the membranes, Scatchard equation which was 
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commonly used for the evaluation of the binding characteristics of molecularly 
imprinted polymer to substrate compound, was used. Here, the value of Ka for the 
vanillin-imprinted hollow fiber membrane was determined according to the Scatchard 
equation [20].  
[S]/Ce= -[S]Ka + nKa 
where Ka (mmol/L) is the equilibrium constant of the binding sites, Qmax (mmol/g) is the 
maximum binding capacity of binding sites. Here, Q (mmol/g) is the binding amount of 
polymer to vanillin and Ce (mmol/L) is the equilibrium concentration of vanillin in 
solution.  
     According to the Scatchard equation, the data suggested that the membrane 
without the VIP formed a less class of equivalent binding sites to the vanillin to be 
Qmax=2.2 mmol/g and Ka = 9300. The constant of Ka and the maximum binding capacity 
of Qmax for the vanillin were calculated to be 19800 mmol/L and 89 mmol/g, 
respectively, in the PES-VIP membrane. This ability of the PES-VIP membrane 
promised to be high recognition to the vanillin by the imprinted effect. As seen in Figure 
3.9 (b) and Table 3.2, the obtained value of the binding capacity of the PES-VIP hollow 
fiber membrane was about 40 times higher than that of the PES hollow fiber membrane 
without including the VIP particles. As compared between the VIP and DVB spheres, 
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there was 4 times higher than the PES-DVB membrane in the PES-VIP membrane. It 
was clear that the PES-VIP membrane exhibited effective binding ability to vanillin 
compound. In addition, the resultant values of Ka were 19800, 7800 and 6990 mmol/L 
for vanillin, syringaldehyde and p-hydroxybenzaldehyde, respectively, meaning that the 
Ka and binding capacity for vanillin compound indicated that their data were higher than 
those of syringaldehyde and p-hydroxybenzaldehyde. Therefore, the hollow fiber 
membrane having the vanillin imprint functionality mostly discriminated vanillin to 












Figure 3.9 (a) Binding amount of vanillin in various concentration by using (a) 
PES-VIP 10 wt % hollow fiber membrane, (b) vanillin-imprinted powder, (c) PES-DVB 
hollow fiber membrane and (d) PES hollow fiber membrane; (b) Scatchard plots for 
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Table 3.1 Binding amounts of vanillin and vanillin analogs for vanillin-imprinted 
particles, PES, PES-DVB and PES-VIP (10 wt %) hollow fiber membranes 
Types of polymers 
Binding amounts (mmol/g) 
Vanillin Syringaldehyde p-Hydroxybenzaldehyde 
Vanillin-imprinted particles 78.1 6.5 7.8 
PES hollow fiber membrane 2.4 1.8 1.9 
PES-DVB hollow fiber 
membrane 
21.1 19.2 18.5 
PES-VIP hollow fiber 
membrane 
87.7 3.98 3.14 
*Initial concentration was 100 mmol/L 
 
Table 3.2 The analogs binding capacities in PES, PES-DVB and PES-VIP (10 wt %) 
hollow fiber membranes and vanillin-imprinted particles determined from Scatchard 
plots 
 
Types of polymers 















88.6 19800 3.9 7800 3.5 6990 
PES-DVB hollow 
fiber membrane 
22.7 15300 19.1 6920 19.6 6440 
PES hollow fiber 
membrane 
2.2 9300 2.0 6600 2.0 4610 
Vanillin-imprinted 
particles 
73.9 16700 3.8 7730 2.6 6380 
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The hollow fiber membrane embedded the VIP spheres was prepared, when the 
loading content of the VIP in the PES scaffold was changed from 0 to 15 wt %. The 
imprinted hollow fiber membrane prepared to exhibit good adsorption capacities to 
vanillin. According to the Scatchard analyses, the vanillin-imprinted polymers existed a 
class of equivalent binding sites. This property was an advantage in eases for membrane 
adsorbents of vanillin in hollow fiber scaffold. Thus, this could promise many 
applications for recognition, separation and concentration of vanillin.  
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Predominant adsorption of Pb (II) in ternary mixtures of 
heavy metal ions by diethylaminomethyl 
-calix[4]resorcinarene 
 
Abstract: Heavy metal ions from single and ternary systems of Pb (II), Cu (II), and Ni 
(II) adsorbed by calix[4]resorcinarenes in water–chloroform extraction were studied. 
Comparison was made of calix[4]resorcinarenes, 2,8,14,20-tetraundecyl 
calix[4]resorcinarene-4,6,10,12,16,18,22,24-octol (N-host), and diethylaminomethyl- 
calix[4]resorcinarene,5,11,17,23-tetra(diethylaminomethyl)-2,8,14,20-tetraundecylcali
x [4]resorcinarene-4,6,10,12,16,18,22,24-octol (DA-host), for predominant extraction 
of their ions from the ternary mixture of aqueous solution at different pH in a water 
layer. The hosting of Pb (II) by the DA-host occurred efficiently at pH 6–7. The 
hosting of Pb (II), Cu (II), and Ni (II) ions for the ternary aqueous mixture was applied 
to the Langmuir isotherm. Adsorption was studied using NMR spectroscopy in a 
water–CDCl3 extraction system. Results showed that, as the heavy metal ions were 
included into the host cavity, the observation of shifted peaks of water molecules from 
downfield to higher field were visible in the NMR spectra, meaning that water 
molecules were included with heavy metal ion into the host cavity. The spectra also 
showed that the diethylamino group expressed formation of the coordination complex 
between the DA-host and Pb (II) for the purpose of predominant hosting of Pb (II). 
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4.1  Introduction 
Recently, industrial wastewater effluents are often encountered in facilities 
conducting metal plating and electroplating, or producing fertilizers, batteries, dyes, 
chemical pharmaceuticals, and electronic devices, where considerable amounts of 
toxic and pollutant heavy metals are used. Such sites attract attention for development 
of effluent treatment in several fields. Heavy metals such as lead (Pb), copper (Cu), 
nickel (Ni), and others are well known to be associated with a tendency to accumulate 
in living organisms and are known to be highly toxic when absorbed into the human 
body [1]. Generally, the treatment of such industrial waste typically involves 
expensive techniques such as chemical precipitation, membrane adsorption, ion 
exchange and adsorption on activated carbon [2–3]. Although adsorbents are 
obtainable at low cost, e.g. natural adsorbents such as peanut pellets [4], leaf powder 
[5], and organosolv lignin [6], active compounds in natural adsorbents are known to be 
insufficient for treating low levels of heavy metal ions in wastewater. Therefore, new 
processes including synthetic adsorbents must be developed to produce an alternative 
adsorbent. 
Calix[4]resorcinarenes are known to be resorcinol-based macrocyclic or 
cyclic oligomers that possess a bowl-shaped molecular cavity formed by four 
resorcinol units. These cyclic tetramers are prepared by acid-catalyzed condensation of 
resorcinol and aldehydes. Consequently, these interesting compounds are capable of 
forming host–guest complexes. In a pioneering work, Aoyama et al. [7] demonstrated 
the potential of calix[4]resorcinarenes as a host–guest complex to interact with other 
molecules such as organic cations, anions, and molecules. Calixarenes that were 
initially available for cation transport of Li (II), Na (II) and other cations from group I 
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were investigated by Izatt et al. [8–9]. Furthermore, some reports have described the 
use of calix[4]resorcinarene as a metal ion extraction agent as a single component of 
heavy metal ions. Such usefulness of the host, calix[4]resorcinarene, was used in many 
applications for liquid membranes [10] and as an additive in chemical sensing for 
HPLC stationary phase and metal ion extraction agents [11]. Memon and his 
co-workers studied the selectivity of Hg (II) as a carrier on the efficiency of transport 
process in extraction using a bulk liquid membrane containing calix[4]arene. However, 
the utilization of calix[4]resorcinarenes as an adsorbent in heavy metal ions remains 
limited. Little is known of details for separation mixtures of heavy metal. Therefore, 
challenges remain which hinder the study of separation behavior of such 
calix[4]resorcinarene by hosting the metal ions. 
In this study, two series of calix[4]resorcinarenes derivatives of 
2,8,14,20-tetraundecylcalix[4]resorcinarene-4,6,10,12,16,18,22,24-octol (N-host) and 
5,11,17,23-tetra(diethylaminomethyl)-2,8,14,20-tetraundecylcalix[4]resorcinarene-4,6,
10,12,16,18,22,24-octol (DA-host) (Figure 4.1), were synthesized and used as 
adsorbents for Pb (II), Cu (II), Ni (II) ions and their mixtures for up-take in an aqueous 
medium at different pH. The intention was to investigate the competitive adsorption of 
ternary component of Pb (II), Cu (II), and Ni (II) onto the series of the adsorbents. The 
experimental factors were pH and ion concentration in aqueous solution side for 









































Figure 4.1 Chemical structure of calix[4]resorcinarenes 
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4.2     Experimental 
4.2.1  Materials 
The materials used in this study consisted of resorcinol and dodecanal, which 
were purchased from Fluka Chemical Co. (Japan). Formaldehyde and diethylamine 
were purchased from Tokyo Chemical Industry Co. Ltd. (Japan). Benzene, ethanol and 
12 N hydrochloric acid (HCl) were obtained from Nacalai Tesque Inc. (Japan). All 
chemicals were used without further purification. 
 
4.2.2  Preparation of 2,8,14,20-tetraundecylcalix[4]resorcinarene 
-4,6,10,12,16,18,22,24 –octol (N-host) 
The N-host was synthesized by dissolving resorcinol (25.32 g, 0.23 mol) and 
dodecanal (42.39 g, 0.23 mol) in ethanol (300 ml). Then, 12 N HCl (50 ml) was added 
to the mixture of solution at 0 °C. The mixture was stirred and heated to 70 °C under 
nitrogen atmosphere for 10 hour, after which the precipitates that had separated on 
cooling the mixture down to room temperature were recovered by filtration. Small 
amounts of additional precipitates were obtained by addition of water to the filtrate. 
The precipitates were combined, washed thoroughly with hot water (80 °C, 10 L), and 
then recrystallized twice from methanol and twice from hexane–acetone. Finally the 
powders were dried at 0.2 mmHg for 24 hour. This process gave the compound as a 
monohydrate as colorless needles [12]. The yield of the N-host was 50.2 %. Then, 
FT-IR (IR Prestige-21 FTIR-8400s; Shimadzu Corp., Japan) and FT-NMR (JNM 
GX400; JEOL, Japan) were used to characterize the N-host. The FT-IR of the N-host 
in KBr method was applied [cm
-1
]: 3469 (O–H), 2900 (–C–H stretching), 1616–1496 
and 837–719 (benzene ring of the N-host). 
1
H-NMR of the N-host: (CDCl3) δ[ppm] = 
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9.68–9.32 (m, OH), 7.29–6.14 (s, H1 and H2), 4.60–4.33 (s, OH), 141–1.30 (m, 25H, 
CH2), 0.93–0.90 (m, 4H, CH3). 
 
4.2.3  Preparation of 5,11,17,23-tetra(diethylaminomethyl)–2,8,14,20 
–tetraundecylcalix[4]resorcinarene- 4,6,10,12,16,18,22,24-octol (DA-host) 
To a mixture of 10.0 g of the N-host (0.045 mol), 7.21 g of formaldehyde 
(0.12 mol) and 6.51 g of diethylamine (0.045 mol) were added to 1:1 (v/v %) 
benzene–ethanol solution for 100 ml. The mixture was kept under nitrogen atmosphere 
for 24 hour at room temperature, after which the mixture was heated for 120 minute at 
60 °C. The mixture of solution was cooled and then evaporated to obtain a viscous 
solution. The viscous solution was continued with re-crystallization using a mixture of 
1:1 (v/v %) benzene–ethanol solution until a white precipitate was obtained [13]. The 
DA-host was dried in vacuum (0.2 mmHg) to obtain a constant mass and was then 
characterized using (IR Prestige-21 FTIR-8400s; Shimadzu Corp., Japan) and 
FT-NMR (JNM GX400; JEOL, Japan). The yield of the DA-host was 76.2 %. FT-IR 
of the DA-host using the KBr method was used [cm
-1
]: 3277 (O–H), 2916–2848 
(–C–H stretching), 1577–1475 (benzene ring of the DA-host), 1355–1244 and 
981–777 (–CH–N–(CH2CH3)2). 
1
H-NMR of the DA-host: (CDCl3) δ[ppm] = 
3.87–3.72 (m, OH), 7.09 (s, H3), 4.29–4.25 (m, CH2), 2.18 (s, 3H, CH2), 1.35–1.25 (m, 










4.2.4  Adsorption experiments for single and ternary components of heavy 
metal ions in liquid–liquid extraction 
The removal efficiency of single and ternary components of heavy metal ions 
was investigated. Standard solutions of Pb (II), Cu (II), and Ni (II) were prepared with 
appropriate concentrations using analytical reagent grades of each metal purchased 
from Nacalai Tesque Inc. (Japan). Experiments were performed with liquid–liquid 
extraction of the water–chloroform system by dissolving 0.2 g of the hosts to 5 ml 
chloroform. Then, 20 ml of each metal ion (10 mmol/L) was poured into a different 
centrifuge tube. The effects of Pb (II), Cu (II), and Ni (II) adsorption were studied at 
different pH. The mixture solution pH was adjusted to the necessary pH value by 
adding either 0.1 M sodium hydroxide (NaOH) or 1.0 M hydrochloric acid (HCl). The 
mixture was mixed well in centrifugation for 60 min with 600 rpm at different pH. The 
temperature was controlled to 20 °C. After 60 min, the aqueous solution was separated 
from the organic layer (chloroform phase). The concentrations of remaining heavy 
metal ions Pb (II), Cu (II), and Ni (II) in the aqueous solution were measured at a 
certain wavelength using an atomic adsorption spectrophotometer (AA-6300; 
Shimadzu Corp., Japan). Optimum conditions for adsorption equilibrium for the 
N-host and DA-host onto each metal were found to be 60 min at pH 6. Selectivity of 
the N-host and DA-host for the interfering metal ion was evaluated using the 
following equation [14]. 
Adsorption capacity, qe = (Ci– Cf)V 
W 
 
Therein, Ci signifies the initial concentration of metal ion (mmol/L) and Cf denotes the 
final concentration of metal ion (mmol/L) after equilibrium, V represents the volume 
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of the metal ion solution (L), and W stands for the weight of the N-host or DA-host (g) 
used. The unit for the adsorption capacity, qe was mmol/g. 
The adsorption experiment for the DA-host in ternary heavy metal ion 
solution was conducted in a similar manner to the N-host cases. For the ternary heavy 
metal ion solution, the concentration was fixed at 10 mmol/L of each Pb (II), Cu (II), 
and Ni (II) ion. The purpose was to study the comparison of adsorption capability of 
heavy metal ions by the N-host and DA-host in the ternary aqueous solution at 
different pH. Moreover, isotherm studies were conducted at a constant dosage weight 
(0.2 g) and by varying the concentration of heavy metal ions within the 10–300 
mmol/L range. The amounts of heavy metal ion adsorption were calculated based on 
the difference of the heavy metal ions concentrations in aqueous solution before and 
after adsorption, the volume of the aqueous solution (20 ml) and the weight of the 
adsorbent (0.2 g) using adsorption capacity equation. 
For investigation of the interaction between the hosts and the heavy metal 
ions, the binding properties were analyzed using NMR spectroscopy (AL-400; JEOL) 
in a water–CDCl3 system for metal ions. The solid N-host or DA-host (0.08 g) was 
diluted in 2.0 ml CDCl3 in a centrifuge tube (20 ml volume) and about 4.0 ml of heavy 
metal solution (4 mmol/L) was poured in the same centrifuge tube. They were mixed 











4.3 Results and discussion 
In the present work for the calix[4]resorcinarenes, both of the hosts consist 
the undecyl groups in the arene ring which could increase the solubility in organic 
solvents. The solubility of the obtained DA-host and N-host in a number of organic 
solvents were evaluated. Both of the hosts were well soluble in tetrahydrofuran, 
toluene, dichloromethane, benzene, pyridine, N,N-dimethylformamide and 
N-methyl-2-pyrrolidone, however DA-host and N-host were insoluble in water, 
ethanol, hexane and dimethyl sulfoxide. In addition, the present of DA-host consist 
four diethylamino groups in the ring, which is the weak base and it would respond to 




Generally, the solution pH can affect the adsorption capacity of many 
adsorbents [18]. Therefore, the pH measurement was important in the present study to 
identify a suitable pH for the adsorption for each heavy metal ion because metal 
precipitation can occur at high pH to form insoluble hydroxide compounds, which 
would interfere with the adsorption experiments. Figure 4.2 shows the adsorption 
capacity of Pb (II), Cu (II), or Ni (II) on the DA-host and N-host. Here, the single 
component of the aqueous heavy metal ion was present in the organic chloroform layer. 
In liquid–liquid extraction, free species of heavy metal ions were present in acidic 
solutions of pH 2–5. Relative to the low pH, the adsorptions at higher pH were found 
to be enhanced. At pH higher than 8.0, the precipitate occurred as a formation of a 
high concentration of hydroxide heavy metal ion leaching ion precipitation. Therefore, 
additional experiments were performed at pH 2–7 to confirm that the three metals 
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were present in dissolved form. As Figure 4.2 (b) shows, the adsorption capacity of Pb 
(II) was higher than that of Cu (II) or Ni (II), especially for the DA-host in the higher 
pH region. The adsorption capacities of Pb (II) ion were 1.79 mmol/g and 1.58 mmol/g 
for the DA-host and N-host, respectively.  
The competitive extractions of Pb (II), Cu (II), and Ni (II) were further 
studied for a ternary mixture containing 10 mmol/L concentrations to investigate the 
separation of heavy metal ions. Thus, Figure 4.3 presents the adsorption capacity of 
each component heavy metal ion at several levels of pH. The competitive adsorptions 
of the ternary component system are noteworthy. For pH 2–5, it was observed that the 
competitive adsorption behaviors of Cu (II) and Ni (II) ions showed their adsorption 
less than 0.15 mmol/g. At pH 5, the Pb (II) ion bound with 0.3–0.4 mmol/g for both 
hosts. At pH 6–7, the value of adsorption capacity was increased in both hosts. For 
example, the Pb (II) ion was adsorbed respectively with 1.06 and 0.89 mmol/g for the 
DA-host and N-host. However, comparison between single and ternary components 
indicated that the adsorption of Pb (II) was inhibited slightly by the presence of Cu (II) 
and Ni (II) ions, which indicates strongly that competitive adsorption occurred in the 
ternary component systems for both adsorbents. 
Slight differences were apparent in the adsorption behaviors of the N-host and 
DA-host. Data of the ternary component confirmed that the adsorption capacity of the 
DA-host became higher than that of the N-host. The diethylamino groups were present 
on the DA-host, showing a positively changed group at lower pH. Therefore, these 
phenomena agreed well with the fact that the host expressed electrostatic repulsion 
against the metal ions. However, the DA-host showed good potential for heavy metal 
adsorption at pH 6–7. At pH 7, the adsorption capacities were 1.06 mmol/g and 0.89 
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mmol/g, respectively, for the DA-host and N-host, indicating that the 
calix[4]resorcinarene frame can fit with such a Pb (II) ion because the less electrostatic 
repulsion was present at this pH for the DA-host. In addition, the higher capability of 
the DA-host was presumed to be attributable to the presence of coordination of 
diethylamino groups to the ions. Consequently, the adsorption capacity of Pb (II) in 
ternary components of heavy metal ions was found in both hosts to be a tendency for 
high adsorption capacity to others. 
The adsorption behavior of the heavy metal ions on the DA-host and N-hosts 
were analyzed by using NMR spectroscopy in water-CDCl3 containing 4 mmol/L 
concentrations of respective heavy metals. Figure 4.4 and 4.5 present a comparison of 
the 
1
H-NMR spectra of the N-host and DA-host as measured at room temperature in 
CDCl3 for each extraction experiment. Figure 4.4 shows that the signals at 7.21 and 
6.10 ppm were indicated respectively in outer and inner aromatic protons in the host 
ring for H1 and H2. In spectrum A for the N-host, the singlet peak intensity of the H2 
protons was weakened and the outer proton peak at 6.10 ppm was enhanced in Pb (II) 
extraction. The OH proton appeared as multiple peaks of equal intensities centered at 
9.58 and 9.26 ppm. However, the N-host expressed a lower magnetic shift, meaning 
that the leaving metal inclusion unshielded with the inner ring current effect of the 
calix[4]resorcinarene. It is noteworthy that the peak of water, which was present in the 
N-host, appeared at 4.68 ppm and showed a higher chemical shift at 4.07 ppm for Pb 
(II) systems. Results show that water coordinated with the OH group of the N-host 
when the Pb (II) ion was included. The signals at 1.41 and 0.90 ppm corresponded to 
the alkyl hydrophobic region for the resorcinol units. In panel (a), spectrum A shows 
one molecule of water, suggesting that this was assigned at 4.68 ppm for the 
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crystalline N-host [19]. For spectrum B, the water molecule peak appeared in a higher 
field at 3.49 ppm when the N-host in CDCl3 was washed with water. This shift 
indicates that water was included in the inner arene cone. However, when Pb (II) ion 
was present in the water layer, the water peak shifted forward to the lower field at 4.07 
ppm, which strongly suggests that the water molecule supported the Pb (II) ion hosting 
to the inner N-host. 
However, in Figure 4.5 for the DA-host with diethylamino groups, protons 
from CH2 and CH3 were observed respectively at 3.72–3.78 ppm and 1.06 ppm. The 
water was present, showing its signal at 2.57 ppm. The broad OH signal was shown in 
the lower field at 8.25 ppm for the spectrum B when the water layer contained Pb (II) 
ion with 4 mmol/L concentration. In addition, the OH signal was shifted to about 8.80 
ppm. The downfield shift indicated that the OH groups positioned on the aryl ring 
were directed outward when the metal ion was included. Additionally, it was noted that 
the signal splitting of the multiplet for the CH2 group of diethylamino group on the 
DA-host was changed to a singlet peak when the metal ion for Pb (II) and Cu (II) was 
included in the cone. The significance meant that such metal ion coordinated with the 
nitrogen atom of the diethylamino group. Consequently, the neighboring CH2 group on 
the nitrogen atom, which was coordinated, was influenced strongly by the effect of the 
heavy metal ion. Results of NMR analysis revealed that the heavy metal ion was 
included in the host cavity through the aid of water molecules in the N-host and also 
through interaction with the OH group of the DA-host. 
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Figure 4.2 Effect of pH on the adsorption capacity of single component heavy metal 
ions onto a) N-host and b) DA-host [Initial concentration of each heavy metal = 10 








































































Figure 4.3 Effect of pH on the adsorption capacity of each ion in ternary component 
heavy metal ions onto a) N-host and b) DA-host [Initial concentration of each heavy 







































































































H-NMR spectra of N-host for water-CDCl3 extraction. Here, CDCl3 was used as organic solvent and water layer 
contained 4 mmol/L metal ions. Spectra A, B, C, D and E were for crystalline samples, washing the hosts in CDCl3 by water, Pb 
(II), Cu (II) and Ni (II) aqueous solution with the 4 mmol/L concentration 













































H-NMR spectra of DA-host for water-CDCl3 extraction. Here, CDCl3 was used as organic solvent and water layer 
contained 4 mmol/L metal ions. Spectra A, B, C, D and E were for crystalline samples, washing the hosts in CDCl3 by water, Pb 
(II), Cu (II) and Ni (II) aqueous solution with the 4 mmol/L concentration












Adsorption isotherms are known to be fundamental in describing the adsorption 
behavior of adsorbate ions. Therefore, analyses of Pb (II), Cu (II), and Ni (II) with the 
N-host and DA-host, were conducted in two phases applied in Langmuir equilibrium 
isotherms [20]. To inform the adsorption isotherms of the calix[4]resorcinarene host and 
the ion guest, the relation between the concentration of the ion adsorbate in the aqueous 
solution and the amount of ion adsorbed onto the adsorbent was examined using the 
Langmuir equation. 
Ce/Qe = Ce/Qm + 1/Qmb 
In that equation, Qm signifies the maximum amount of hosting capacity of 
heavy metal ions adsorbed for a complete monolayer (mmol/g), Ce represents the 
equilibrium concentration of heavy metal ions (mmol/L), qe denotes the amount of 
heavy metal ions adsorbed at the equilibrium concentration (mmol/g), and b stands for 
the Langmuir constant related to the affinity of the binding sites (L/mmol). Figure 4.6 
shows the equilibrium adsorption isotherms of Pb (II), Cu (II), and Ni (II) onto the 
N-host and DA-host as a function of the initial concentration among heavy metals. The 
calculated results of Langmuir isotherm constants are presented in Table 4.1. The 
experimental data show that the maximum adsorption capacity for hosting each heavy 
metal was obtained. The data revealed that the adsorption capacity of heavy metal ions 
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onto DA-host was higher than the adsorption capacity of heavy metal ions onto the 
N-host. These assignments might be explained by the differences of their chemical 
structures of the N-host and DA-host. The adsorbent of the DA-host contained 
additional diethylamino groups, which might be responsible for the effectiveness of 
hosting sites of heavy metal ions through coordinated interaction with nitrogen atom 
and metal ions. However, the N-host contained only hydroxyl groups for the capture of 
metal ions. Therefore, the analytical results showed that the DA-host expressed a great 
amount of hosting capacity Qm and equilibrium constant b for Pb (II) adsorption. 
 
Table 4.1 Langmuir isotherms with constant and correlation coefficient for the 
adsorption of Pb (II), Cu (II) and Ni (II) onto the hosts
 
 
















































 Langmuir isotherms showed that the adsorption capacity of Pb (II) was higher 
than those of Cu (II) and Ni (II) for both adsorbents. The respective values of the 
adsorption capacity of Pb (II), Cu (II), and Ni (II) with the concentration 10 ppm were 
5.75 mmol/g, 3.79 mmol/g, and 1.15 mmol/g for the N-host, although those of the 
DA-host were 6.10 mmol/g, 3.63 mmol/g, and 4.48 mmol/g. Results show that Pb (II) 
adsorption by the N-host and DA-host became higher values than those of other metals. 
Furthermore, the adsorption of Pb (II) by the DA-host showed higher adsorption than 
that of the N-host. Here, NMR data suggest that both hosts were cone configurations of 
calix[4]resorcinarenes [21]. Consequently, these phenomena might be explained in 
terms of the size of the studied heavy metal ions. For heavy metal ions in this study, the 
size order is shown below. 
Pb
2+
 (1.19 Å) > Cu
2+ 
(0.73 Å) > Ni
2+
 (0.69 Å) 
Regarding comparison of the ion diameter and host cavity size, Pb (II) had an ion 
diameter of 1.19 Å. The cavity size of calix[4]resorcinarene was 2.59 Å [18], although 
the respective ion diameters of Cu (II) and Ni (II) were 0.73 and 0.69 Å. Therefore, Pb 
(II) was the right choice to fix into the cone-shape of the N-host and DA-host, in 
contrast to Cu (II) and Ni (II) [22,23]. 
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Figure 4.6 Comparison of equilibrium adsorption of heavy metal ions from 
aqueous solution using a) N-host and b) DA-host [Initial Pb (II), Cu (II) and 
Ni (II) concentration = 10-300 mmol/L; Volume = 20 ml; Dosage of N-host 
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Among the three metal ions, the adsorbents of the N-host and DA-host 
exhibited the lowest adsorption efficiency for Ni (II). The results of the Langmuir 
isotherm underscored that both hosts showed a low adsorption capacity for Ni (II) 
adsorbent, perhaps because Ni (II) is somewhat smaller than the host cone. 
 
4.4 Conclusion 
In the present study, the capacities of the N-host and DA-host to adsorb Pb (II), 
Cu (II), and Ni (II) ions from aqueous solutions were examined by separation 
experiment of Pb (II), Cu (II), and Ni (II) at different pH. Predominant hosting of Pb (II) 
was observed on the DA-host at the neutral pH region in the separation process. The 
evidence showed a first report on separation of heavy metal mixture by 
calix[4]resorcinarene. The equilibrium isotherms revealed that the adsorption of Pb (II), 
Cu (II), and Ni (II) onto N-host and DA-host adsorbents mainly fitted the Langmuir 
model. In addition, the adsorption of the metal ions on the calix[4]resorcinarene hosts 
was studied using 
1
H-NMR analysis. The obtained findings supported that the DA-host 
showed potential for use as an adsorbent for heavy metal Pb (II) because the 
diethylamino groups can coordinate with the heavy metal ions. This point might be 
important for further development of a new adsorption system for use with actual 
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wastewater containing a mixture of heavy metals. There are also possibilities for 
applying the DA-host and N-host in order to appear specificity of heavy metal ion on 
bulk materials by some chemical treatments. Therefore, the progresses in these hosts are 
focused on several industrial applications in the field of waste water treatment for 
elimination to such toxic ion from the wastes. The present results provide useful and 
variable information for further investigation of waste water treatments. 
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Ionic Imprinted Calix[4]resorcinarene Host for Pb (II) 
Adsorbent using Diallylaminomethyl-calix[4]resorcinarene 
Copolymer 
 
Abstract: This research discusses the preparation, characterization and the evaluation 
of adsorption properties of a novel imprinted calix[4]resorcinarene host 
diallylaminomethyl-calix[4]resorcinaren developed and copolymerized with 
divinylbenzene. Its selective complexing ability towards Pb (II) ions was examined. 
The adsorption was conducted in a batch system by investigating the effects of pH and 
initial concentration of a heavy metal solution. The adsorption of Pb (II) metal ions on 
the adsorbents had the optimum pH rating in region of 6. For single ion system, the 
imprinted polymer showed that the adsorption capacity of Pb (II) metal ions was 64 
mg/g, while for Cu (II and Ni (II) was 24 mg/g and 8 mg/g, respectively.     
Competitive extraction experiments in the presence of Cu (II) and Ni (II) ions were 
also carried out and high selectivity of the imprinted polymer adsorbents towards Pb 
(II) over Cu (II) and Ni (II) was found. In ternary mixture of heavy metal ions, the 
imprinted polymer showed effective adsorption to Pb (II) obeying Langmuir isotherm. 
The outstanding adsorption abilities for Pb (II) metal ion have exhibited good 
prospects for disposal application of polluted water and environmental protection. 
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One of the major concerns of this century is the preservation of environmental 
quality [1]. Water contamination and shortage of clean water reservoirs is one of the 
most urgent problems for human activities. Thus, it is necessary to control emissions 
of heavy metals into the environment. Recently, the pollution of the environment by 
heavy metals such as copper (Cu), cadmium (Cd), nickel (Ni), lead (Pb), mercury (Hg), 
zinc (Zn) and iron (Fe) has considerable attention worldwide because of their toxicity. 
Lead is one of the most harmful heavy metals and it is widely used in metal products, 
cables, pipelines, paints and pesticides. Thus, it has strong poisoning effect on human 
beings especially to children. It may cause damaging effects on kidney, disruption of 
the nervous system and brain damage. Due to the heavy metal ions exist in industrial 
wastewater and other aqueous solutions, selective separation and enrichment of heavy 
metal ions becomes necessary. 
In recent years, there has been growing interest for development of 
wastewater treatment in several techniques due to improve the quality of the treated 
effluent. Many methods including physical and chemical have been used to treat the 
pollution caused by the heavy metals. Although various treatments such as chemical 
precipitation [2], coagulation-flocculation [3], reverse osmosis [4], ultra-filtration [5], 
electro-dialysis flotation [4] and ion exchange [5] can be employed to remove heavy 
metals from contaminated wastewater, they have their inherent advantages and 
limitations in application. In particular, these methods commonly have drawback of 
lacking selectivity in separation. Even though they are able to separate metal ions, it is 
hard to separate a specific ion from ion mixtures. Thus, it is very important to separate 
specific ions from the mixtures for further beneficial processes. Recently, one of the 
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developed techniques which is the ion-selective imprinting polymers was applied due 
to unique ionic recognition function [6-8]. In this research, metal-ion-imprinted 
polymers were employed for selective separation of a target metal ion.  
On the other hands, a number of metal ion imprinting polymers have been 
synthesized to remove metal ions from wastewater. Nishide et al. have utilized, for the 
first time, ion template effect in the synthesis of chelating polymers way back in 1976. 
They cross-linked poly(4-vinylpyridine) with 1,4-dibromobutane in presence of metal 
ions as templates. The adsorption behavior of the obtained resins for Cu (II), Zn (II), 
Co (II), Ni (II), Hg (II) and Cd (II) was studied [9-11]. Meanwhile, the lead ion 
imprinted polymers prepared by Esen et al. [12] showed high selectivity for lead ions, 
however, the maximum adsorption capacity of the polymers is only 2.01 mg/g. Barrera 
et al. [13] studied the use of amberlite XAD-2 loaded with 1-(2-pyridylazo)-2-naphtol 
as a pre-concentration system for the determination of Cu (II), Cd (II) and Pb (II) from 
river water samples. In the present research, the introduction of a cation coordination 
site with specific size by ion imprinting polymer technique using calix[4]resorcinarene 
as a host intruded a new selectivity factor for removing pollutants from solution.   
 Calix[4]resorcinarene is a versatile supra-molecules because of its synthetic 
feasibility and extensive analytical applications [14]. This exhibits a large variety of 
functions such as inclusion compounds, selective complexing agents for metal cations
 
and catalysts [15-18]. It also can be used as ion sensitive electrodes or sensors [19], 
optical sensors [20], chiral recognition devices for solid phase extraction, as a 
stationary phase and modifiers [21]. Generally, calix[4]resorcinarene was synthesized 
from resorcinol and an aldehyde from the acid-catalyzed reaction [14]. This molecule 
represents an interesting family of chemical structures which exhibit characteristic of 
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cavity-shaped architecture. The cavity-shaped with lower rim and upper rim in 
calix[4]resorcinarene unit can be modified to have useful moieties for complexing 
especially with metal cations [22-24]. Thus, it is capable for molecular recognition in 
solution and the host can be applied in remediation of contaminated ground water and 
industrial effluents.  
In the present research, the cavity-shape of 
diallylaminomethyl-calix[4]resorcinarene (DV-host) (Scheme 5.1), made-up of four 
resorcinol units linked via dodecanal groups and dipropenylaminomethylated 
fragments, was chosen as the complexing monomer in preparation of ion imprinted 
polymer. The designing a new imprinted host which is able to selectively bind with 
lead ion (Pb (II)) was studied. It is known that ion imprinted polymers show similar 
fashion to molecular imprinting polymers (MIPs), except its recognized metal cations 
after imprinting, while retaining all the virtues of MIPs [25]. The idea has led to the 
inception of metal ion templates. Numerous studies on ion imprinted polymers and 
their applications for separation of metal cations have been extensively investigated 
and well documented [26, 27]. However, using calix[4]resorcinarene host is very little 
as known in imprinting method. The DV-host here is firstly reported. The introduction 
of DV-host in molecular imprinting technique to define a Pb (II) coordination site with 
a specific host intruded a new chemical tool in separation of metal cations. Therefore, 
we focus on the aspects of the interplay between structure and function for novel 
imprint adsorbent polymer in order to explore the importance of guest–host in 
competitive recognition on metal ions by the DV-host moiety.   
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Scheme 5.1 Chemical structure of diallylaminomethyl-calix[4]resorcinarene 
 
5.2 Experimental 
5.2.1  Materials 
The materials used in this study consisted of resorcinol and dodecanal, which 
were purchased from Fluka Chemical Co. (Japan). Formaldehyde, diethyl ether were 
purchased from Tokyo Chemical Industry Co. Ltd. (Japan). Acetic acid, benzene, 
chloroform, ethanol, lead (II) nitrate, methanol, tetrahydrofuran (THF) and 12 N 
hydrochloric acid (HCl) were obtained from Nacalai Tesque Inc. (Japan). Meanwhile, 
diallylamine was purchased from Waco Pure Chemical Industries Ltd. (Japan). All 
chemicals were used without further purification. Divinylbenzene (DVB) (Nacalai 
Tesque Inc. (Japan)) was purified using a silica gel column to remove the inhibitor 








5.2.2 Preparation of dodecyl-calix[4]resorcinarene (N-host) 
Into a solution of 25.32 g (0.23 mol) of resorcinol in 300 mL of 95 % ethanol 
was added 42.39 g (0.23 mol) of dodecanal. The mixture was stirred and cooled down 
to 0 °C, and 12 N HCl was added dropwise over 30 minutes. Then, the mixture was 
continuously stirred and heated to 70 °C under nitrogen atmosphere for 10 hour, after 
which the precipitates that had separated on cooling the mixture down to room 
temperature were recovered by filtration. Small amounts of additional precipitates 
were obtained by addition of water to the filtrate. The precipitates were combined, 
washed thoroughly with hot water (80 °C, 10 L), and then re-crystallized twice from 
methanol and twice from hexane–acetone. Finally the powders were dried at 0.2 
mmHg for 24 hour. This process gave the compound as a monohydrate as colorless 
needles [28]. The yield of the N-host was 50.2 %. Then, FT-IR (IR Prestige-21 
FTIR-8400s; Shimadzu Corp., Japan) and FT-NMR (JNM GX400; JEOL, Japan) were 
used to characterize the N-host. The FT-IR of the N-host in KBr method was applied 
[cm
-1
]: 3469 (O–H), 2900 (–C–H stretching), 1616–1496 and 837–719 (benzene ring 
of the N-host). 
1
H-NMR of the N-host: (CDCl3) δ[ppm] = 9.68–9.32 (m, OH), 
7.29–6.14 (s, H1 and H2), 4.60–4.33 (s, OH), 141–1.30 (m, 25H, CH2), 0.93–0.90 (m, 
4H, CH3). 
 
5.2.3 Preparation of diallylaminomethyl-calix[4]resorcinarene (DV-host) 
The DV-host was synthesized in one step approach according to Mannich 
reaction [29] with the dodecyl-calix[4]resorcinarene (N-host) and a secondary 
diallylamine and formaldehyde. About 15 ml of acetic acid, 0.18 mol of diallylamine 
and 0.18 mol of 40 % formaldehyde were added to 0.014 mol of N-host in 120 ml 
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tetrahydrofuran. The reaction mixture was kept for 24 hour and then was heated at 50 
ºC for additional 2 hours. After the residue was extracted using diethylether and water, 
re-precipitation was carried out from methanol and the residue was re-crystallized with 
chloroform (Yield, 78.3%). The DV-host was characterized by IR Prestige-21 
FTIR-8400s (Shimadzu, Japan) and JNM GX400 FT-NMR (JOEL, Japan). FT-IR of 
DV-host in KBr method was used [cm
-1
]: 3379 (O-H), 2920-2850 (-C-H stretching), 
1506-1442 (benzene ring of DV-host), 1364 (-CH2CH=CH2), 1302-1159 
(-CH-N-(CH2CH3)2). 
1
H-NMR of DV-host: (CDCl3) δ[ppm] = 3.85-3.75 (m; OH), 
7.07 (s; H), 4.27-4.21 (t; CH2CH=CH2), 5.25-5.04 (d; -CH2CH=CH2), 5.92-5.71 (t; - 
CH2CH=CH2), 2.13 (s; 3H, CH2), 1.35-1.21 (m; 20H, CH2), 1.05 (s, 6H, CH3). 
 
5.2.4 Preparation of Pb (II)-imprinted polymer 
For Pb (II)-imprinted polymer as shown in Figure 5.1, particles were 
synthesized by precipitation copolymerization [30]. The cross-linker divinylbenzene 
(DVB) (50 mmol) and DV-host (1 mmol) in the present of Pb (II) ion was added in the 
mixture of 128 ml acetone, 32 ml water and the free radical initiator AIBN (1 mmol) 
was added into the solution in turns. The mixtures were poured into a 300 ml 
three-neck round bottom flask. The flask was kept in an oil bath equipped with an 
agitator (BL 3000; Heidon / Shinto Scientific Co. Ltd.), a condenser and a capillary 
tube for nitrogen gas. The solution in the flask was purged with high-purity N2 for 30 
min, and then polymerized at 65 ºC for 24 hour under continuous nitrogen atmosphere. 
The stirring speed was kept at 300 rpm. After polymerization was completed, the 
resultant Pb (II)-imprinted polymers were washed with water and acetone and dried 
under vacuum conditions until the weight remained unchanged.  
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As references, non-imprinted polymers (NIP) having P(DVB-co-DV-host) 
was made by the same procedure except in the absence of Pb (II) ion. Then, the 
resultant Pb (II)-imprinted polymers were treated with an excess of 2 M HCl solution 
at 55 ºC in 12 hour to completely leached the coordinated Pb (II). Then, the particles 
were washed with water and 0.1 M NaOH to ensure the neutralization of hydrogen ion. 
The polymer was then filtered and dried under vacuum, resulting in the desired Pb 
(II)-imprinted polymer. The surface appearance of the Pb (II)-imprinted polymers was 
analyzed by scanning electron microscope (SEM) (JSM-5310LVB; JEOL, Japan). The 
size of the particles was determined by laser diffraction particle size analyzer (SALD 
7000; Shimadzu Corp., Japan). Meanwhile, Fourier transform infrared spectra (FT-IR) 
of the Pb (II)-imprinted polymers were recorded in KBr media and performed on a IR 






























5.2.5 Pb (II) adsorption batch experiments and adsorption selectivity 
 To study Pb (II) adsorption behavior under static conditions, the optimum 
conditions for adsorption were studied such as effect of pH (1.0-9.0), weight of Pb 
(II)-imprinted polymers (0.0025-0.25 g) and adsorption isotherm (5-100 mg/L). The 
dosage of 0.0025 to 0.25 g Pb (II)-imprinted polymers was added into 20 mL solutions 
of initial Pb (II) ion concentration of 5 to 100 mg/L. Solutions of 0.1 mol/L HCl or 0.1 
mol/L NaOH were used for pH adjustment. Then, the mixture was shaken vigorously 
for 60 min. After batch binding at certain time, the adsorbent particles were separated by 
filtration. The residual concentration of lead ions in the solution was determined by 
atomic adsorption spectrophotometer (AA-6300; Shimadzu Corp., Japan). The 
adsorption capacities, Q (mg/g) were calculated by the following equation.  
 
Adsorption capacity, Q = (Co-C) V 
                       W 
  
where, Co (mg/L) and C (mg/L) are initial and equilibrated concentration of Pb (II). V 
(L) is solution volume andW (g) is the mass of Pb(II)-imprinted polymer. 
In order to examine Pb (II) specificity of the Pb (II)-imprinted polymer, 
recognition studies of the competitive of other metal ions such as Cu (II) and Ni (II) in 
100 mg/L concentration were performed. The pH of the ternary mixtures of heavy 
metal ions was adjusted at pH 7. Point 0.05 g of imprinted and non-imprinted polymer 
was added, respectively, and the mixture solutions were shaken vigorously for 10 
minutes. The adsorption time was 60 minute. After 1 hour, the concentration of the 
metal ions Pb (II), Cu (II) and Ni (II) in the residues solution were determined.  
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5.3 Results and discussion 
5.3.1 Characterization of the Pb (II)-imprinted polymers 
Surface appearance of Pb (II)-imprinted polymers was analyzed by SEM as 
shown in Figure 5.2. It is found that the resultant DV-host copolymers are 
well-proportioned particles with diameters ranging from 0.02-0.1 μm. When the Pb 
(II)-imprinted polymers were treated with HCl, the particle distribution appeared with 
narrow distribution. The narrow distribution of Pb (II)-imprinted polymers makes it a 







Figure 5.2 SEM images and particle size distribution of (a) non-imprinted polymer and 








In Figure 5.3 (a) and (b), FT-IR spectra of the obtained imprinted polymer 
before and after treating with 2 M HCl and NIP. The characteristic peaks indicated the 
similarity in the backbone structure of both to polymers. As a result of the Pb (II) 
hosting with the hydroxyl group of the DV-host moiety in the imprinted polymer, the 
O-H stretching vibration at 3419 cm
-1
 of the copolymer after treated with HCl was 
shifted to 3365 cm
-1
. This indicated that the Pb (II) ion was interacted to the hydroxyl 
group of the DV-host in the copolymer. In (b), the – CH2N- stretching vibration in the 
aromatic ring at 1219 cm
-1
 in the unleached copolymer was also shifted to 1205 cm
-1
 
in the leached one, meaning the involvement of nitrogen of the DV-host cavity in the 
metal binding. In addition, a new peak at 1710 cm
-1
 assigned to the Pb (II)-O- and a 
new peak at 1365 cm
-1
 assigned to the Pb (II)-N- in the leached imprinted polymer. 
After HCl treatment, the peak near at 1360 cm
-1
 and 1695 cm
-1
 region was disappeared. 
It could be concluded that the –CH2-N- and –OH groups in imprinted polymer are 
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Figure 5.3  FT-IR spectra of Pb (II)-imprinted polymer before and after leaching with 2 M HCl and NIP
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5.3.2 Effect of adsorbent dosage and pH 
 Taking into account the removal efficiency and the relative less adsorbent 
consumption, 0.05 g was selected as the adsorbent dosage for following studies. Batch 
equilibrium experiments were performed in pH range 2–7 to determine the effect of pH 
on the adsorption efficiency of lead ions. As shown in Figure 5.4 (a), the adsorption of 
lead ions on the lead ion-imprinted micro-beads was highly dependent on the solution 
pH. When the solution pH was below 4, the lead ion-imprinted microbeads showed a 
low binding affinity to lead ions. The competition between H
+
 and lead ions for 
imprinted sites on the surface of the polymer was strong at low pH. With increasing pH, 
the adsorption efficiency of lead ions increased significantly. When the solution pH was 
higher than 5, the removal efficiency reached up to 75 %. Therefore, in adsorption 
studies, the solution pH should be controlled below the critical pH of hydroxide 
precipitation, which is 7 for initial concentration 5 mg/L of lead ion solution. According 
to the removal efficiency, the pH value range of natural water and the possible effect of 
hydroxide precipitation, the feasible pH range were selected at 5–6 in further 
experiments.  
On the other hand, the initial concentration of 5 mg/L lead ions was applied in 
the batch experiments. It was found that the removal efficiency reached 81 % even at a 
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low adsorbent dosage (0.05 g/L). As shown in Figure 5.4 (b), when the adsorbent 
dosage increased from 0.0025 to 0.25 g/L, the removal efficiency of lead ion by lead 
ion-imprinted micro-beads increased from 84 % to 87 %. The initial concentration of 5 
mg/L lead ions was applied in the following experiments.  
 
Figure 5.4 Effect of solution pH (a) and adsorbent dosage (b) on the removal efficiency 
of lead ions. The condition was concentration of Pb (II) 3 mg/L; adsorption time 1 hour, 





























































5.3.3 Adsorption isotherms and separation selectivity 
Figure 5.5 shows equilibrium adsorption isotherms of Pb (II), Cu (II), and Ni (II) 
onto the imprinted polymer and NIP as a function of the equlibrium concentration (Ce) of 
heavy metal ions. The adsorption capacities of the imprinted and non-imprinted polymers 
were determined by saturating 0.05 g of the polymers in 20 ml of heavy metal ion solution 
(5-100 mg/L concentration). The adsorption of heavy metal ions was occurred efficiently 
at pH 7. The results obtained are shown in (a). It was clear that the adsorption capacities 
of the Pb (II)-imprinted polymer were found to be higher in single ion systems as 
compared to the corresponding NIP. The adsorption capacity of the Pb (II)-imprinted 
polymer was higher with 64 mg/g than that of NIP with 23 mg/g. Meanwhile, both Cu (II) 
and Ni (II) showed that the adsorption capacities of imprinted polymer were 22 mg/g and 
7 mg/g, respectively. For the NIP, these presented that the adsorption capacities of Cu (II) 
and Ni (II) ion were 19 mg/g and 4 mg/g, respectively. Therefore, the comparison showed 
that the higher capability of the DV-host was presumed to be attributable to the presence 
of coordination of dipropylamino groups to the Pb (II) ions. 
Furthermore, a mixture containing 100 mg/g of each Pb (II), Cu (II) and Ni (II) 
was also prepared and the interference on Pb (II) recovery of these metal ions was 
evaluated. As shown in Figure 5.5 (a), the adsorption capacities of Pb (II), Cu (II) and Ni 
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(II) in single ion system were about 62.1, 15.7 and 3.8 mg/g for the imprinted polymers, 
respectively, whereas those were about 20.2, 13.8 and 1.62 mg/g for the non-imprinted 
polymers, respectively. It could be deduced that the specific recognition sites for the Pb 
(II) were formed in the imprinted polymers. The adsorption capacities of the Pb 
(II)-imprinted and non-imprinted polymer onto Pb (II) ion in a ternary mixture of heavy 
metal ions were 54 mg/g and 21 mg/g, respectively. These exhibited to be slightly lower 
than the adsorption capacity of Pb (II) in single ion systems. In addition, there is no 
significance difference in the adsorption capacities of Cu (II) and Ni (II) in single and 
ternary ion mixture systems. The recovery of Pb (II) was much higher as compared to 
those of Cu (II) and Ni (II), demonstrating that the cavities in imprinted polymer were 
created after the removal of Pb (II) ions, which is complementary to imprinted ion in size 
and shape. This suggested that the DV-host moiety had an excellent selectivity for Pb (II), 
probably due to coordination geometry of calix[4]resorcinarene ring [39]. So, it was 
concluded that Pb (II) -imprinted polymer showed following affinity order: Pb (II) > Cu 
(II) > Ni (II).  
Furthermore, the calculated results of maximum adsorption capacity (Qm) and 
Langmuir isotherm constant (b) are presented in Table 5.1. Langmuir isotherms
 
showed 
that the adsorption capacity of Pb (II) was higher than those of Cu (II) and Ni (II) for both 
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of imprinted polymer and NIP [40]. Both systems showed that the maximum adsorption 
capacity of Pb (II) for the Pb (II)-imprinted polymer in single ion system was higher 
compared to the ternary ion systems. It can be confirmed that Pb (II) adsorption by the 
imprinted polymer followed the Langmuir model with the maximum adsorption capacity 
of 64 mg/g for the single and 53 mg/g for the ternary ion system. The imprinted adsorbent 
contained additional hydroxyl and dipropylamino groups, which might be responsible for 
the effectiveness of hosting sites of the Pb (II) ion through coordinated interaction with 
oxygen and nitrogen atom and metal ions. Therefore, it can see that the introduction of 
nitrogen and oxygen atom to the upper rim of the DV-host increases the extractability of 
the imprinted polymer appreciably. The imprinted polymer showed that Qm=24 mg/g 
and b=0.03 L/mg for Cu (II) and 8 mg/g and 0.04 L/mg for Ni (II) in single ion system. 
Also, the ternary ion system obtained Qm=19 mg/g and b=0.04 L/mg for Cu (II) and 
Qm=5 mg/g and b=0.03 L/mg for Ni (II).  
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Figure 5.5 Comparison of equilibrium adsorption of heavy metal ions in a) single ion 
systems and b) ternary ion systems using leached ion imprinted polymer (■ Pb (II), ▲ 
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Table 5.1 Langmuir isotherns with constant for the adsorption of Pb (II) in single systems 
and ternary ion systems [40]
 













Pb (II)-Imprinted polymer 64 0.02 58 0.03 
Non-imprinted polymer 23 0.06 23 0.07 
 
Although the NIP could contain DV-host moiety in the copolymer, the 
adsorption capacity of Pb (II) was not much higher as compared to the imprinted 
polymer. The diameter of DV-host is 2.4 Ǻ for the cyclic tetramer and Pb (II) had an ion 
diameter of 1.19 Ǻ [14]. Thus, for the adsorption of Pb (II) ions, the cyclic hexamer of 
the DV-host in the imprinted polymer seems to be better to a ‘template effect’ especially 
in imprinting polymer in addition with surrounding DVB segments on the ion template. 
In addition, it was found that the synthesized Pb (II)-imprinted polymers showed high 
adsorption efficiency and selectivity for lead ions. This good performance of the Pb 
(II)-imprinted polymers is related with the composition and structure of the imprinting 
polymer with the combination of new host with the cross-linker. The possible 
recognition mechanism of the Pb (II)-imprinted polymers in this research might be 
described by the schematic of mechanism occurred as shown in Scheme 5.2. Firstly, 
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diallylaminomethyl-calix[4]resorcinarene monomer formed a complex with the 
template Pb (II). Then the cross-linker monomers were polymerized by precipitation 
polymerization mode. Finally, the recognition sites and the proper size cavities exactly 
for Pb (II) on the surface of this polymer contributed to a high adsorption efficiency and 








































































In conclusions, the DV-host having diallylaminomethyl-calix[4]resorcinarene 
moiety was successfully synthesized for Pb (II)-imprinted polymer by precipitation 
polymerization with the average size of the particles to be between 0.02-0.1 μm. The 
equilibrium isotherms revealed higher adsorption of Pb (II) relative to other Cu (II) and 
Ni (II) onto the imprinted polymer in pH range 2-7 with the maximum capacity of 64 
mg/g. The adsorbents behavior mainly fitted the Langmuir model. The obtained results 
supported that the imprinted polymer showed potential adsorbent for Pb (II) ions 
because the presence of dipropylamino groups can be coordinated with the Pb (II) ions. 
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Recent research in the open-framework materials field has focused on 
synthesizing tailor-made adsorbents, which having excellent targeted molecule or 
metal ions recognition. These materials have been demonstrated to be versatile in 
separation applications as well as in the scaffold membrane and core-shell particles.  
The controlled synthesis of these adsorbents is an ongoing challenge and presents 
opportunity in the area of materials science and wastewater treatment.  
 The introductory part of the thesis begins with the importance of preparation 
of smart adsorbents to specially targeted species (vanillin and Pb (II)) and discussion 
on array of separation techniques available in these studies. The summary of literature 
reports on tailor-made recognition procedures has been brought out. A curtain raiser to 
imprinting and detailed account of application of imprinting polymers in different 
areas has been discussed in this chapter. The chapters end with an outline of proposed 
work in molecular and ion imprinted polymer for purification of vanillin and 
extraction of Pb (II) from wastewater. 
   Chapter 2 described the quantitative enrichment and selective separation of 
vanillin from aqueous solution with terpolymer-imprinted particles synthesized by 
using mixed vanillin methacrylate as template viz divinylbenzene and methacrylic acid 
as a cross-linker. Also the influence of the intermolecular interaction of hydrogen 
bonding of polymer particles revealed that the quantitative enrichment was possible 






influenced the vanillin-imprinted polymers properties, a lot of attention has been 
focused on the physical and chemical properties of vanillin-imprinted polymers 
because of their potential applications in adsorption. Ideally, they contain interaction 
of hydrogen bonding directly coordinated to the tailor-made recognition frameworks 
to enhance the efficiency of affinity towards vanillin compounds. 
 Chapter 3 proposed the structure and properties of hollow fiber membranes 
embedded molecularly imprinted polymeric spheres which prepared by dry-wet 
spinning technique. The studies indicated that the separation of vanillin and its 
derivatives can be effectively conducted by perm-selective experiments. In addition, 
the imprinting effect occurred in hollow fiber membrane improving the adsorbents 
recognition for separation of vanillin and its derivatives.  
Meanwhile, in Chapter 4, described the synthesis and analytical application of 
calix[4]resorcinarene (N-host) and diethylaminomethyl-calix[4]resorcinarene 
(DA-host) as an adsorbents which prepared by using the condensation of resorcinol 
and aldehyde. As a result of separation of heavy metal ions, it concluded that the 
selectivity coefficients for Pb (II) over the co-existing ions increase. This clearly 
establishes selective recovery of lead from other noble and transition elements. 
 Chapter 5 described the synthesis of Pb (II)-imprinted polymer via a new 
strategy i.e., the use of calix[4]resorcinarene as a complexing monomer was associated 
to Pb (II) and polymerized with a cross-linker. The results obtained indicated that the 
diallylaminomethyl-calix[4]resorcinarene is superior complex to the Pb (II) based on 
the analytical studies. Thus, the results obtained indicate the possible use of Pb 
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